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U.  S.  Department  of  Agriculture, 

Office  of  Experiment  Stations, 
Washington,  D.  C. ,  January  <9,  1902. 

Sir:  I  have  the  honor  to  transmit  herewith  for  publication  as  Bul- 
letin ^o.  106  of  this  Of&ce  a  series  of  lectures  on  soil  investigations  at 
Rothamsted,  England,  delivered  under  the  provisions  of  the  Lawes 
Agricultural  Trust,  by  Bernard  Dyer,  D.  Sc.,  before  the  convention 
of  the  Association  of  American  Agricultural  Colleges  and  Experiment 
Stations  at  IS'ew  Haven  and  Middletown,  Conn.,  November,  1901. 
These  lectures  are  recommended  for  publication  in  full,  not  only  on 
account  of  their  intrinsic  value,  but  in  conformity  with  the  wish  of  the 
late  Sir  John  Lawes,  frequently  expressed  during  the  later  years  of 
his  life,  that  all  statistical  matter  relating  to  observations  and  exper- 
iments on  the  Rothamsted  soils  should  be  brought  together  (as  he 
expressed  it)  'between  one  pair  of  covers.' "  These  observations  and 
experiments  have  extended  over  a  number  of  years  and  have  been 
partly  xDublished  elsewhere,  but  by  far  the  greater  portion  of  the  mat- 
ter contained  in  these  lectures,  including  the  results  of  the  author's 
recent  exhaustive  studies  on  the  phosphoric  acid  and  potash  contents 
of  Rothamsted  soils,  is  new.  It  is  fitting  that  ackowledgment  should 
here  be  made  of  the  munificence  and  splendid  devotion  to  agricultural 
science  which  prom]3ted  Sir  John  Lawes  not  only  to  found  and  main- 
tain for  many  years,  but  to  endow  in  perpetuity,  the  great  experiment 
station  at  Rothamsted,  and  of  the  kindly  interest  in  American  agricul- 
ture which  led  him  at  the  same  time  to  j)rovide  for  a  series  of  biennial 
lectures  in  the  United  States  on  the  work  of  that  station,  in  order,  as 
he  stated,  that  Americans  might  feel  that  they  had  a  share  in  any  of 
the  benefits  which  might  arise  from  the  Rothamsted  endowment. 

Since  these  lectures  were  i^repared  for  publication.  Sir  J.  Hemy 
Gilbert,  who  for  over  fifty-five  years  was  the  associate  of  Sir  John 
Lawes  at  Rothamsted,  has  also  passed  awa}'  from  the  scene  of  his 
lifelong  labors.  He  died  on  December  23, 1901,  at  the  age  of  nearly  85 
years. 

The  lectures  transmitted  herewith  are  the  fourth  of  the  courses  so 
provided  for  and  the  third  to  bex)ublished  as  bulletins  of  this  Depart- 
ment. The  first  course,  delivered  at  Washington,  D.  C,  August, 
1891,  by  Robert  Warington,  F.  R.  S.,  gave  a  brief  account  of  the 
Rothamsted  Exx^eriment  Station,  but  dealt  mainl}'  with  the  work  of 
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that  station  on  the  changes  (nitrification  and  denitrification)  which 
nitrogenous  compounds  undergo  in  the  soil,  and  on  drainage  and  well 
waters.  These  lectures  were  published  in  an  edition  of  5,000  copies 
as  Bulletin  ^o.  8  of  this  Office,  but  the  bulletin  is  now  out  of  print. 
The  second,  which  was  a  carefully  prepared  review  of  the  field  and 
feeding  experiments  at  Rothamsted  during  half  a  century,  by  Sir 
Joseph  Henry  Gilbert,  M.  A.,  LL.  D.,  F.  R.  S.,  was  published  in  an 
edition  of  6,000  copies  as  Bulletin  'No.  22  of  this  Office,  and  is  also  out 
of  print. 

Respectfully,  A.  C.  True, 

Director, 

Hon.  James  Wilson, 

Secretary  of  Agriculture, 
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RESULTS  OF  INVESTIGATIONS  ON  THE 
ROTHAMSTED  SOILS. 


INTRODUCTION. 

It  is  my  privilege  to  appear  before  you  as  the  delegate  of  the  Lawes 
Agricultural  Trust  Committee,  to  offer  once  again,  for  your  accept- 
ance, a  digest  of  the  results  of  some  of  the  work  carried  out  at  Rotham- 
sted.  When  the  late  Sir  John  Bennett  Lawes  permanently  endowed 
and  dedicated  to  the  public  his  famous  experimental  station,  he  recog- 
nized, as  you  will  recollect,  the  interest  which  you  in  America  had 
long  shown  in  Rothamsted,  by  making  provision  in  the  trust  deeds 
for  the  periodical  delivery  here  of  what  have  now  come  to  be  known 
as  the  Rothamsted  lectures. 

The  first  to  fulfill  the  mission  was  Professor  Warington,  in  1891; 
the  next  was  Sir  John's  veteran  colleague.  Sir  J.  Henry  Gilbert,  who 
visited  you  in  1898;  while  the  last,  in  1897,  was  Prof essor  Armstrong, 
who  acts  on  the  Lawes  Agricultural  Trust  Committee  as  the  represent- 
ative of  the  Chemical  Society. 

This,  therefore,  is  the  fourth  occasion  on  which  official  greeting 
passes  personall}"  and  b}'  word  of  mouth  from  the  time-honored  insti- 
tution in  England  to  the  representatives  of  the  many  younger  but 
alreadj^  vigorous  and  flourishing  kindred  institutions  which  have 
grown  up  on  your  side. 

My  visit  to  you  occurs  at  a  time  which  is  one  of  mourning  for  all  who 
care  for  Rothamsted  and  its  work.  Sir  John  Lawes  passed  away  from 
us  on  the  last  d-dj  of  August  this  year,  at  what  would  usually  be 
called  the  ripe  old  age  of  nearty  86.  But  the  use  of  this  conventional 
phrase  would  not  be  applicable  to  his  case.  Ripe  his  life  was  in  one 
sense,  in  so  far  as  ripeness  is  an  emblem  of  maturity,  of  service,  of 
usefulness,  of  the  potentiality  to  feed,  enrich,  and  adorn.  All  this 
his  life  did  for  the  mental  life  of  all  who  intelligently  study  agricul- 
ture; and  much  also  has  it  done  directly  and  indirectly,  in  a  physical 
sense,  to  mitigate  the  troubles  and  advance  the  well-being  of  thou- 
sands of  his  fellow-agriculturists  at  home  and  abroad.  But  in  the 
sense  of  being  ripe  for  the  harvest,  his  life  was  not  ripe.  Though 
full  of  years  he  was  of  such  a  fine  and  vigorous  constitution,  and 
still  mentally  so  young  and  fresh,  that  his  friends  confidently  fore- 
told for  him  man\'  years  yet  of  active  work.    There  was  no  fading 
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into  the  mental  repose  that  gradually  creeps  into  the  life  that  is  lived. 
An  unfortunate  seizure  of  a  zymotic  type,  purely  adventitious  and 
indiscriminate  in  its  choice  of  victims  between  youth  and  age,  termi- 
nated his  labors  at  a  few  days'  notice. 

The  life  and  career  of  Sir  John  Lawes  up  to  ten  years  since  were 
ably  sketched  to  you  by  Professor  Warington  at  the  opening  of  the 
first  series  of  these  lectures,^  and  I  will  therefore  now  not  do  more 
than  thus  briefly  record  the  temporal  death  of  one  who  will  live  peren- 
nially in  scientific  history  as  one  of  the  most  remarkable  figures  of 
the  century  that  is  just  drawing  to  its  close.  I  would  like,  however, 
to  add  that  during  the  last  three  years  he  had  looked  forward  with 
much  interest  to  the  delivery  to  you  of  the  lectures  which,  at  his  own 
request,  have  been  intrusted  to  my  unworthy  hands,  that  he  has 
often  personally  discussed  with  me  their  scope  and  material,  and  that, 
within  a  ver}^  few  days  of  his  death,  his  last  act  of  work  was  to  dis- 
cuss with  Sir  Henry  Gilbert  the  selection  of  some  of  the  matter  which 
he  and  his  colleague  desired  to  be  brought  before  you  on  this  occasion. 

You  are  well  aware  of  the  scope  and  nature  of  the  long- continued 
and  multifarious  work  carried  on  at  Rothamsted,  not  merely  from 
the  bulletins  or  ''memoranda"  which  are  annually  transmitted  to 
many  of  you  individually,  but  also  through  the  comprehensive  lec- 
tures in  which  Sir  Henry  Gilbert,  on  the  occasion  of  his  last  visit  to 
your  country,  summed  up  a  large  part  of  the  work  of  no  less  than  fift}^ 
years  of  research.^  Among  the  matters  which  he  brought  to  your 
notice  was  much  of  the  chemical  work  which  had  been  done  in 
the  examination  from  time  to  time  of  certain  of  the  experimental 
soils,  some  of  which  had,  indeed,  been  brought  to  3"0ur  notice  by 
my  earlier  predecessor,  Professor  Warington.  With  the  excep- 
tion, however,  of  some  special  work  of  my  own  on  the  barley  soils, 
tne  latest  systematic  series  of  analyses  which  had  then  been  made 
was  that  of  the  samples  of  the  Broadbalk  wheat  field  collected  in  1881. 
During  the  year  of  Sir  Henry  Gilbert's  visit  to  you,  however,  viz,  in 
1893,  a  complete  set  of  new  samples  was  taken  from  this  field  on  the 
completion  of  the  fiftieth  consecutive  wheat  crop;  and  these  samples 
have  since  been  submitted  to  examination  in  various  ways  in  the 
Rothamsted  laboratory,  and  also  with  regard  to  certain  special  points, 
by  the  kind  permission  of  the  committee,  in  my  own  laboratory.  The 
result  has  naturally  been  to  add  much  to  the  alread}^  valuable  knowl- 
edge arrived  at  by  the  analyses  of  the  earlier  samples,  many  of  which 
early  samples,  it  may  be  added,  have  been  reexamined  since  by 
myself  in  the  light  of  later  work  in  certain  directions  not  contem- 
plated when  the  samples  were  originally  taken.  We  have  thus,  with 
the  old  results  and  the  new,  a  large  mass  of  information  relating  to 
the  chemistry  of  the  wheat  soils,  which  it  has  been  the  desire  of  both 
Sir  John  Lawes  and  Sir  Henry  Gilbert  to  have  presented  now  in  a 
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collected  and  comprehensive  form,  not  merely  that  its  general  out- 
come may  be  seen,  but  also  that  the  detailed  figures  of  the  great  num- 
ber of  determinations  (of  which  a  large  proportion  are  new  and  hitherto 
unpublished,  while  others  are  scattered  over  the  pages  of  various 
separate  memoirs  and  lectures)  may  be  embodied  and  preserved  in  a 
collected  form  for  the  future  reference  of  those  who  may  from  time 
to  time  wish  to  restudy  the  results.  It  has,  at  the  same  time,  been 
their  desire  to  collate  Avith  these,  in  certain  directions,  the  results 
obtained  from  the  examination  of  other  of  the  experimental  soils. 
The  task  of  completing  and  presenting  to  you  this  collation  has  been 
intrusted  to  my  hauds.  The  wealth  of  material  has  made  anything 
like  an  adequate  discharge  of  the  task,  within  the  necessarily  con- 
fined limits  of  these  lectures,  a  matter  of  impossibility,  for  the  work 
might  more  easily  be  expanded  to  a  series  of  volumes.  The  material 
itself,  however,  will  be  transcribed  for  the  leisurely  detailed  exami- 
nation of  those  among  you  who  find  especial  interest  in  it  from  one 
or  other  of  the  many  points  from  which  it  may  be  approaclied;  while 
for  its  discussion  I  must  be  content  to  place  before  you  such  of  the 
more  interesting  and  striking  features  of  the  results  as  ma}^  be 
included  within  such  space  as  I  may  reasonably  venture  to  wander 
over,  keeping  before  me  the  fact  that  even  liberal  governmental 
printing  grants  have  their  necessar}^  limitations.  While  I  freely 
accept  all  blame  that  may  be  accorded  to  these  lectures  for  errors  of 
judgment  in  the  selection  of  points  for  discussion,  or  for  inadequacy 
or  obscurity  of  treatment,  I  would  at  the  same  time  at  once  ask  that, 
for  whatever  interest  and  satisfaction  ma}'  be  derived  from  their 
perusal,  a  A^er}^  large  share  of  the  credit  should  go  to  Sir  Henry  Gil- 
bert, who  has  spent  infinite  pains  in  aiding  and  advising  me  in  this 
work. 


Section  I. 


SOIL  SAMPLING. 

The  methods  of  soil  sampling  adopted  at  Rothamsted  have  been 
previously  described  to  you,  but  it  seems  desirable,  in  a  memoir  which 
embodies  such  complete  statistical  results  as  will  here  be  recorded, 
that  the  details  relating  to  sampling  should  for  purposes  of  reference 
be  included.  Indeed,  it  is  desirable  that  this  should  be  done,  if  only 
to  again  emphasize  the  general  necessity  of  minute  precautions  and 
regular  procedure  in  sampling  any  soils  which  either  possess  or  may 
be  likely  to  acquire  an  experimental  history.  Those  who  have  the 
charge  of  experimental  stations,  and  who  may  not  have  brought  their 
minds  to  bear  fully  on  the  capital  scientific  importance  of  correct  soil 
sampling,  may  derive  useful  hints  from  the  description,  while  those 
who  are  already  alive  to  the  difficulties  that  may  follow  upon  disre- 
gard of  certain  precautions  will,  from  that  very  sense,  bear  with  me. 
For,  although  attention  has  been  directed  very  frequently  to  this 
matter,  there  is  too  much  reason  to  suppose  that  not  a  little  other- 
wise good  soil  work  has  been  vitiated  by  reason  of  insufficient  atten- 
tion to  the  drawing  of  representative  samples. 

The  first  determinations  of  nitrogen  in  the  Rothamsted  soils  were 
made  by  soda-lime  combustion  by  the  old  platinum  method,  in  the 
surface  soil  of  the  Broadbalk  wheat  field,  as  long  ago  as  1846;  but  it 
was  soon  recognized  that  results  obtained  on  samples  collected  with- 
out careful  attention  to  area  and  depth  were  of  little  value,  and  were, 
indeed,  misleading.  In  1856  the  method  of  collection  then  and  sub- 
sequently adopted  was  devised,  and  I  perhaps  can  not  do  better  than 
quote  directly  from  Professor  \Yarington's  lecture.?  Professor  War- 
ington  says : 

A  frame  made  of  stout  sheet  iron,  in  shape  a  rectangular  prism,  open  at  top  and 
bottom,  is  driven  into  the  soil  by  repeated  blows  of  a  wooden  rammer,  till  the  soil 
has  the  same  level  inside  and  outside  the  frame.  The  soil  inside  the  frame  is  then 
cut  out,  and  constitutes  the  sample  of  the  first  depth  or  surface  soil.  That  the 
frame  is  accurately  emptied  is  ascertained  by  trials  with  a  wooden  gauge  of  the 
same  depth  as  the  iron  frame.  If  a  sample  of  the  next  depth  is  to  be  taken,  the  soil 
is  cleared  away  around  the  outside  of  the  frame  till  the  level  is  reduced  to  that  of 
the  bottom  of  the  frame,  the  frame  is  then  driven  down  again,  and  the  former 
operations  are  repeated. 

Soil  sampling  at  Rothamsted  is  usually  carried  down  to  three  depths,  but  in  a 
good  many  cases  it  has  been  carried  down  to  twelve-  depths.    The  area  of  the  sam. 


1  U.  S.  Dept.  Agr.,  Office  of  Experiment  Stations  Bui.  8,  p.  39. 
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pling  frame  used  for  the  first  depth  is  usually  144  square  inches  (12  by  12  inches) , 
a  smaller  frame  (6  by  6  inches)  being  used  for  the  succeeding  depths.        ^  * 

The  iron  frame  has  a  stout  rim  along  its  upper  edge  to  increase  its  strength. 
The  best  sampling  frame  is  made  of  cast  steel;  this  form  of  frame  needs  no  rim. 
(Models  of  both  the  larger  and  smaller  steel  frames  used  at  Rothamsted  were  on 
this  occasion  presented  to  the  United  States  Department  of  Agriculture. ) 

When  the  soil  sampling  is  carried  below  the  first  depth,  care  must  be  taken 
when  digging  around  the  frame  that  each  depth  of  soil  removed  is  placed  by 
itself,  so  that  when  the  pit  is  filled  in  the  soil  may  be  returned  to  its  proper  posi- 
tion. A  record  is  kept  of  the  place  where  the  sampling  was  conducted,  as  a  soil 
can  not  be  accurately  sampled  twice  in  the  same  place. 

Each  sample  of  soil  is  weighed  as  soon  as  it  is  removed  from  the  frame  and  is 
put  into  a  bag  by  itself.  When  the  soil  reaches  the  laboratory  it  is  at  once  broken 
up  by  hand  into  small  pieces  and  laid  on  paper  trays,  which  are  placed  on  the 
shelves  of  a  storeroom  kept  at  a  temperature  of  about  55°  C.  till  thoroughly  dry; 
each  sample  is  then  returned  to  its  bag.  This  immediate  drying  of  the  soil  at  a  low 
temperature  is  essential  if  changes  in  the  organic  matter,  and  especially  nitrifica- 
tion, are  to  be  stopped.  This  practice  dates  at  Rothamsted  from  1877.  After 
drying  the  soil  it  may  be  stored  till  leisure  is  found  for  further  work.  Each  bag 
is  then  weighed.  The  soil  is  crushed  and  passed  through  a  one-fourth  inch  sieve; 
the  stones  that  do  not  pass  through  this  sieve  are  weighed  (and  subse  ^uently  des- 
cribed) as  stones.  All  that  passes  through  the  sieve  is  thoroughly  mixed  and  a 
sufficient  quantity  is  finely  powdered  for  analysis.  Mixed  samples  ^  are  prepared 
after  the  soil  has  passed  through  the  one-fourth  inch  sieve  or  after  it  has  reached 
the  stage  of  fine  powder. 

This  method  of  taking  soil  samples,  with  the  exception  of  the  adop- 
tion of  the  definite  temperature  above  mentioned  for  drying,  has  been 
(as  has  already  been  said)  in  use  at  Rothamsted  since  1856,  and  it 
is  interesting  here  to  record  that  between  4,000  and  5,000  individual 
samples  of  the  Rothamsted  soils  have  been  collected  in  the  fashion 
above  described. 

The  depth  of  9  inches  fixed  for  sampling  the  surface  soil  is  some- 
what greater  than  would  now  be  adopted  in  the  light  of  the  experi- 
ence that  has  been  gained;  although  it  would  now  be  obviously  inex- 
pedient to  make  any  change  at  Rothamsted,  since  in  that  case  future 
samples  would  not  be  comparable  Avith  earlier  ones.  But  in  new  soil 
work  begun  elsewhere,  both  Sir  John  Lawes  and  Sir  Henry  Gilbert 
came  to  the  conclusion  that  about  8  inches  would  be  a  fairer  depth  at 
which  to  mark  off  the  surface  soil  from  the  subsoil.  And,  since  the 
metric  system  is  so  widel}^  used  in  scientific  work,  the  recommendation 
made  b}^  them  to  those  initiating  experimental  work  in  soil  is  to  take 
the  nearest  round  number  metric  approximation,  and  adopt  a  cube 
with  the  linear  dimension  of  0.2  meter  as  the  unit  for  soil  sampling. 
This  would  give  to  each  Isbjer  of  soil  a  depth  of  7.874  inches,  or 
practically  8  inches. 


^  Representing  each  plat  and  each  depth. 


Section  II. 


THE  BROADBALK  WHEAT  SOILS. 
SUMMARIZED  HISTORY. 

These  plats  have  been  under  experimental  cultivation  since  1843, 
and  have  continuously  grown  wheat,  the  lately  harvested  crop  of  1900 
having  been  their  fifty-seventh.  The  continuously  unmanured  plats 
are  still  giving  their  12  to  13  bushels  a  year,  while  the  well-raanured 
plats  are  giving  from  30  to  40  bushels. 

The  general  history  of  the  field  and  the  practical  results  of  the 
influence  of  the  various  modes  of  manuring  upon  the  crops  produced 
were  very  fully  described  and  discussed  by  Sir  Henry  Gilbert  in  the 
lectures  which  he  delivered  here  in  1893.  This  makes  it  unnecessary 
that  I  should  take  up  your  attention  by  dwelling  on  what  may  be 
called  the  above-ground  or  vegetative  or  economical  effects  of  the 
various  manures.  It  is  rather  on  the  underground  results  of  this 
continuous  corn  growing,  under  so  many  different  ci^'cumstances,  that 
I  have  to  discourse  to  you.  It  is  necessary,  however,  for  a  discussion 
of  the  soils  themselves  that  we  should  have  before  us  a  summary  of 
the  history  of  each  plat,  and  as  the  soil  analyses  end  tor  the  present 
with  the  samples  taken  in  1893,  it  seems  convenient  to  adopt,  with 
some  minor  modifications,  the  summary  given  in  the  annual  "Memo- 
randa "  issued  from  Rothamsted  recording  the  results  up  to  the  end 
of  1893.  Table  1  shows  the  number  or  special  mark  of  each  plat,  a 
summarized  history  of  its  mode  of  manuring  for  fifty  years,  the  average 
product  of  grain  and  straw  for  the  twenty-oue  years,  1852-1872;  for  the 
twenty-one  years,  1873-1893;  for  the  forty-two  years,  1852-1893,  and 
also  for  the  six  years,  1889-1894. 

Table  l.—Broadbalk  ivheat  plats— Historical  summary  of  maymrings  and  crop- 
pings  to  189  Jf. 


Average  yield  per  acre. 


Plat. 

Annual  manuring  per  acre  (over 

21  years 
(1853-1872). 

21  years 
(1873-1893). 

42  years 
(1852-1893). 

6  years 
(1889-1894). 

50  years) . 

eg 

(D 

43 

<s> 

® 

U 

ai 

is 

14  tons  farmyard  manure,  com- 

Bush. 

Civt. 

Bush. 

Cict. 

Bush. 

Civt. 

Bush. 

Cwt 

30i 

m 

i  

14  tons  farmyard  manure  (1843-44 
and  every  year  since  )  

351 

m 

33i 

m 

40| 

381 

3  

Unmanured  continuously   

141 

lU 

13f 

lOf 

i2f 

9^ 

4  

Unmanured   continuously  since 

1852  (previously  superphosphate 
and  ammonium  ^alts)  

15i 

13^ 

Hi 

lOt 

13ir 

9^ 
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Plat. 


Average  yield  per  acre. 


Annual  manuring  per  acre  (over 
50  years). 


!  31  years 
,  (1853-1872). 


21  years 
(187 ^ 


42  vears 
(1853-1893), 


6  years 
(1889-1894). 


B 
A 
B 


5  (A and  B)-!  Potassium  sulphate  (300  pounds), 
sodium  sulphate  (100  pounds), 
magnesium  sulphate  (ICX) 
pounds),  superphosphate  (393 
pounds):  some  dressings  of 
ammoninm  salts  prior  to  1852  

6  (AandB)-;  Potassium  sulphate  (200  pounds), 
sodium  sulphate  (100  pounds), 
magnesium  sulphate  (100 
pounds),  superphosphate  (393 
pounds),  ammoniuni  salts  (200 
pounds  -  

7  (AandB).  Potassium  sulphate  (200  pounds), 

sodium  sulphate  (liK)  pounds), 
j     magnesium  siilphate  (100 
j     pounds),  superphosphate  (392 
pounds),  ammonium  salts  (100 
pounds)    

8  (AandB).  Potassium  sulphate  (200  pounds), 

sodium  sulphate  (100  pounds), 
magnesium  sulphate  (100 
pounds),   superphosphate  (392 
!     pounds),  ammonium  salts  CBOO 

!  pounds)    

Potassium  sulphate  (200  pounds), 
sodium  sulphate  dOO  pounds), 
magnesium  sulphate  (100 
pounds),  superphosphate  (392 
pounds),  sodium  nitrate,  for- 
merly 550pounds,  latterly  (since 

1881)  275  pounds  

Sodium  nitrate,  formerly  550 
pounds,  latterly  (since  1884)  275 

pounds  

Ammonium  salts  alone.  400  pounds 
yearly  since  1844:  mineral  ma- 
nure in  1S44  only   

Ammonium  salts  alone,  4(_)0  pounds 
yearly  since  1844  (except  in  1846 
and  1850:  mineralmanureinl844, 

1848,  and  1850).  

]1  (AandB).  Ammonium  salts  (400  pounds), 

superphosphate  (392  pounds)  

12 (AandB).  Ammonium  salts  (400  pounds), 
superphosphate  (392  pounds), 
sodium  sulphate  (366^  pounds); 
some  potassium  salts  in  earlier 

years  

13  (AandB;)-  Ammonium  salts  (400  pounds), 
superphosphate  (392  pounds), 
potassium  sulphate  (200  pounds) . 
14 (AandB).  Ammonium  salts  (400  pounds), 
superphosphate  (392  pounds), 
magnesium  sulphate  (280 
'     pounds):  some  potassium  salts 

I     in  earlier  years.  

15 (AandB).  Ammonium  salts  C40(.)  pounds) 
applied  in  autumn:  superphos- 
phate and  potassium,  sodium, 
and  magnesium  salts  as  on  plat 
5.  (Half  this  plat  received  rape 
cake  in  partial  substitution  for 

ammonium  salts  up  to  1872)  

16 (AandB).  1852-1864  (13  years',  potassium, 
sodium,  and  magnesium  salts, 
superphosphate,  and  800  pounds 
ammonium  salts  (average  prod- 
uce for  these  13  years,  39|- 
bushels  grain.  464  cvrt.  straw); 
1865-1883  (19  years)  unmanured 
(average  produce  for  these  19 
years.  14*  bushels  grain.  12*  cwt. 
straw);  1884  and  since,  potas- 
sium, sodium,  and  magnesium 
salts  and  superphosphate  as  on 
plat  5,  and  sodium  nitrate.  550 
pounds  


16i  14| 


26i  34i 


35  35f 


38i 


33| 
33f 


331 


4U 

43i 
28i 
314 


Cwt. 


Bush. 


14f 


30i 


33f 


12i 


31| 


m 


34i 


33i  3V,  34| 

i  ' 

18i'  17i  22i 

17  13|  191- 


Cwt. 


13i 


Bush. 


Cwt. 


32f 


141 


34f 


m 


21f 


37  40J 


341'  18i  15f 
36*      21  19i 


32f 


331 


33i 


m  2^ 

8f 


38i 


311 

30i 
31i 

30f 


38i 

m 

17i 

30 
23 

38i 
31i 


19i 
16i 


29r 

m 


18  15i 
31|  30i 


39i 


29i 


32^ 


251 
31* 

30i 


311      35       33i      32^      27i     28|      m  38i 
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INVESTIGATIONS  ON  EOTHAMSTED  SOILS. 
Table  1. — Broadbalk  ivheat  plats,  e^c— Continued. 


Plat. 


Annual  manuring  per  acre  (over 
50  years). 


Average  yield  per  acre. 


31  years 
(1852-1872). 


21  years 
(1873-1893). 


42  years 
(1852-1893). 


CO 


6  years 
(1889-1894). 


01 
Cwt. 
12f 


271 


-17  (AandB) 
and  18  (A 
and  B). 


These  plats  in  alter- 
nate years  receive, 
the  one  mineral 
manures  as  on  plat 
5,  the  other  ammo- 
nium  salts  (400 
pounds),  the  treat- 
ment being  year  by 
year  transposed. 
Thus,  one  year  plat 
17  receives  the  min- 
eral manures  and 
plat  18  the  ammo 
nium  salts,  while  in 
the  following  year 
plat  17  receives  the 
ammonium  salts 
and  plat  18  the  min- 
eral manures  

(Rape  cake  plat.)  1852-1878  (27 
years),  rape  cake  (500  pounds), 
ammonium  salts  (300  pounds), 
superphosphate  (392  pounds); 
(average  produce  for  these  27 
years,  29^  bushels  grain,  27^  cwt. 
straw);  1878-1882,  rape  cake 
(1,700  pounds);  1883  and  since, 
rape  cake  (1,889  pounds)  applied 
in  autumn  


Average  of 
min  e  r  a  1 
years  


Average  of 
ammoni  - 
um  years. 


Mean  a  n  - 
nual 


Bush. 

m 


2U 


Cwt. 
16 


31i 


Bush. 
12f 


Cwt. 


20i 


37f 


Bush 
15i 

30i 

221 


Cwt. 
121 


29i 


Bush. 
16 


221 


29i 


25^ 


22i 


251 


25i 


MECHANICAL  COMPOSITION  (STONES,  FINE  SOIL,  ETC.). 

Having  thus  given  a  brief  tabular  history  of  the  plats  and  their 
produce,  we  may  return  to  the  subject  of  soil  sampling,  giving  an 
account  of  the  results  of  the  various  systematic  samplings  that  have 
been  made  of  the  Broadbalk  soils.  For  the  mere  purpose  of  generali- 
zation or  calculation  it  would  no  doubt  suffice  to  give  merely  sum- 
marized or  average  results  of  the  weights  of  the  samples  and  their 
mechanical  or  physical  composition ;  but,  seeing  that  a  vast  quantity 
of  detailed  analytical  work  has  been  done  the  chief  interest  of  which 
ultimately  rests  in  its  representation  of  quantities  per  acre,  it  seems 
desirable  in  a  general  record  and  discussion  of  such  analytical  data 
to  give  also  an  account  of  the  detailed  facts  and  figures  which  are 
taken  by  Sir  Henry  Gilbert  as  the  basis  of  the  weights  of  fine  dr}^  soil 
per  acre  adopted  in  acreage  calculations  of  the  soil  constituents. 

Furthermore,  the  various  columns  of  figures  are  interesting  as  show- 
ing the  general  nature  of  the  variations  in  the  distribution  of  the 
stones,  fine  soil,  moisture,  etc.,  in  the  various  parts  of  this  historic 
field,  both  as  regards  surface  soil  and  as  regards  any  given  layer  of 
subsoil,  and  also  the  differences  shown  to  exist  between  one  layer  or 
stratum  of  subsoil  and  another.  To  some  of  these  variations,  as  well 
as  to  the  general  indications  of  the  results,  attention  may  be  specific- 
all  v  directed. 

ii 
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The  tables  about  to  be  given  show  the  percentages  of  stones,  fine 
dry  soil,  stubble  and  roots,  and  moisture  in  the  sets  of  samples  taken 
in  the  three  years  1865,  1881,  and  1893,  while  a  further  table  is  added 
giving  a  general  summary  of  those  preceding  it. 

Table  2. — Broadbalk  wheat  soils  {sampled  in  October,  1865) — Percentages  of 
stones,  fine  dry  soil,  stubble  and  roots,  etc.,  and  moisture  in  soils  as  sampled. 


First  9  inches. 


Second  9  inches. 


Third  9  inches. 


Plat  2 . 


P.  ct.  P.  ct. 
15.04  74.57 


P.ct. 
0.01 


P.  ct. 
10.38 


P.  ct. 
11.38 


P.  ct.  P.ct. 
76.38  i  0.01 


P.  ct. 
12.23 


P.  ct. 
7.49 


P.  ct. 
74. 17 


Plat  3... 
Plat  5a.. 
Plat  7a-. 
Plat  9a.. 
Plat  10a. 
Plat  11a. 
Plat  12a. 
Plat  13a. 
Plat  14a. 
Plat  16a- 


15.46 
14.65  : 
17.54  ; 
18.51  i 
18.06  : 
18.00 
19.29 
16.82 


74. 27 
76.33 
73.74 
72.36 
73. 67 
73.49 
72. 61 
(3.64 


15.84  i  74.58 
17.48  I  73.06 


.06 
.04 
.03 
.05 
.08 
.06 


10.27 
9.02 
8.66 
9.05 
8.21 
8.47 
8.07 
9.49 
9.50 
9.40 


9.71 
11.07 

8.37 
10. 11 
10.87 
12.84 
12.42 
13.56 

8.37 
12.98 


Average,    e  x  - 
eluding  plat  2., 


16. 16    73. 78 


.05 


9.01 


11.03 


74.39 
75.31 
76.02 
72.88 
74. 15 
70.  52 
71.37 
70.83 
70.13 
71.17 


72.68 


15.90 
13. 61 
15. 61 
17. 01 
14.98 
16.64 
16.21 
15.61 
21.49 
15.85 


4.51 
7.20 
4.04 
1.78 
10.03 
9.60 
6.02 
8.12 
7.36 
4. 70 


77.19 
75.17 
79.40 
79.62 
74.11 
72.56 
75. 01 
74. 70 
73. 46 
74.49 


16.29 


6.34 


P.ct. 


0.01 


P.ct. 
18.04 


18.30 
17.66 
16.56 
18.60 
15. 86 
17.84 
18.97 
17. 18 
19.17 
20.81 


18.09 


a  Stones  retained  by  i-inch  sieve, 
sieve. 


The  fine  dry  soil  includes  stones  passing  through  a  ^inch 


In  1865  eleven  plats  only  were  sampled  to  the  depth  of  27  inches. 
From  the  laboratoiy  records  it  appears  that  in  that  year  (1865)  the 
samples  were  preserved  for  some  time  before  the  determinations  of 
moisture  were  made,  so  that  the  percentages  of  moisture  shown  do 
not  represent  the  amounts  and  condition  of  the  samples  as  collected, 
a  fact  which  of  course  alf ects  the  proportions  of  the  other  matters. 
It  is  nevertheless  seen  that  the  percentage  of  stones  is  highest  in  the 
surface  soil,  considerably  lower  in  the  second  depth,  and  very  much 
lower  in  the  third.  We  see,  moreover,  considerable  variation  in  the 
percentages  of  stones  in  the  samples  taken  at  the  same  depth  from 
the  different  plats,  this  being  especially  the  case  in  the  subsoils. 
This  irregularity  in  the  proportion  of  stones  and  fine  soil  is,  indeed, 
characteristic  of  the  Rothamsted  subsoils,  and  unfortunately  the  vari- 
ations, even  in  different  parts  of  the  same  plat,  make  it  impossible  to 
strike  for  the  mineral  constituents  of  the  subsoil — such,  for  example, 
as  phosphoric  acid — a  capital  debtor  and  creditor  account  that  can  be 
analytically  checked,  although  it  is  sometimes  possible  to  do  this  with 
some  degree  of  success  in  the  case  of  the  surface  soil.  This  difficulty 
is,  of  course,  much  greater  in  the  case  of  the  "  fixed  "  constituents  of 
the  soil — like  organic  nitrogen  and  phosphoric  acid — and  of  the  par- 
tially ' '  fixed  "  constituents,  like  potash,  than  of  the  soluble  or  migra- 
tory "  constituents,  like  nitrates  or  chlorids. 
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Table  8.- 


-Broadbalk  ivheat  soils  (sampled  in  October^  1881)- 
fine  dry  soil,  etc. 


-Percentages  of  stones, 


Plat  3- 


PlatS.. 
Plat  4 . . 
Plat  5a. 
Plat  6a  - 
Pi  at  7a. 
Plat  8a- 
Plat  9a. 
Plat  9b  . 


First  9  inclies. 


P.ct. 
13.05 


P.  ct. 
i  68.68 


Plat  10a..   U. 

Plat  10b   16. 

Plat  11a-   14. 

Plat  12a   16. 

Plat  13a  -.--i  15. 

Plat  14a-..   14. 

Plat  15a  '  14. 

Plat  16a   17. 

Plat  17a   14. 

Plat  18a..--   16. 

Plat  19  .-  i  11. 

Average,    e  x  -  i 
chiding  plat  2-1 


71. 08 
72.19 
70.61 
69.09 
69.61 
68.25 
67.50 
69. 73 
69.58 
67.45 
69.05 
67.78 
68.47 
68.15 
69.15 
66.89 
68.34 
67.26 
68.79 


P.ct. 
0.08 


.03 


P.  ct 
19.19 


15.72 
15. 41 
16. 27 
17.79 
16.44 
16.38 
16. 37 
16. 34 
16. 00 
15.84 
16.29 
15.76 
16.17 
16.87 
16.39 
15. 69 
17.01 
16.50 
16.67 


Second  9  inches. 


P.  ct. 
12.44 


13.09 
4.13 
9.33 
6.47 
4.38 

10.60 

10. 49 
9.33 
7.91 

14. 61 
S.  40 
9.21 
6.08 

14.04 

13. 58 
8.37 

10. 15 


P.  ct. 
69. 91 


73.32 
76.48 
68.81 
75.10 
72.35 
74.33 
75.44 
72.39 
70. 33 
71. 02 
71.70 
66.89 
71.28 
71.03 
73. 28 
68.73 
65.58 
71.24 
71.08 


16. 31 


71.54 


3  ® 


p.  ct. 
0.01 


.01 
.01 
.01 
.01 
.01 


p.  ct. 
17.64 


Third  9  inches. 


P.  ct. 
9.21 


.01 
.01 
.01 
.01 
.01 
.01 
01 


20.22 
19.58 
18.09 
20. 76 
18.31 
19.20 
20.17 
17. 01 
19.18 
19.  64 
30.39 
18.50 
30. 31 
19.75 
31.63 
17.22 
20. 83 
20. 38 
18.76 


P.ct.  P.ct. 
70. 16    0. 01 


.01  !  19.47 


1.83 
.85 
6.45 
3. 14 
2.15 
1.62 
1.25 
3.68 
1.88 
8.38 
5.  51 

18.93 
4.24 
4.90 
3.42 

11.94 
5.10 
7.04 


5.24  I 


74.82 
77. 86 
76. 37 
75.96 
76.06 
75.20 
69.  80 
72. 58 
61.00 
73.32 
70. 27 
71.83 
67.53 
71.74 
72.10 
70. 69 


.01 


.01 
.01 
.01 


.01 


P.ct. 
20.63 


33.31 
31.96 
30.97 
33.03 
19.98 
33. 01 
22. 78 
20. 26 
22.93 
31.83 
31.89 
30. 07 
33.43 
34.83 
34.74 
30.53 
33. 16 
30. 85 
23. 04 


21.98 


a  Stones  retained  by  i-inch  sieve, 
sieve. 


The  fine  dry  soil  includes  stones  passing  through  i-inch 


Table  3  ,^ives  like  results  for  the  samples  taken  in  1881,  though  in 
that  year  as  man}^  as  twenty  plats  were  sampled.  As  in  the  case  of 
the  1865  samples,  the  stones  are  highest  in  the  surface  soil,  and 
decrease  as  we  descend;  again  with  a  very  great  range  of  variation 
in  the  second  and  a  still  greater  range  in  the  third  9  inches,  the  fine 
soil,  of  course,  varying  conversely.  It  will  be  seen  that  the  moisture 
is  at  its  lowest  in  the  surface  soil,  higher  in  the  second  9  inches,  and 
still  higher  in  the  third  9  inches.  This  is  usually  found  to  be  the 
case.  The  differences  annually  vary  with  the  preceding  rainfall  and 
other  recent  climatic  conditions,  and  also  according  to  the  recent 
growth  of  vegetation,  the  quantity  of  which  of  course  regulates  the 
loss  of  water  by  leaf  transpiration.  The  variations  in  the  mode  of 
manuring  also  necessarity  aifect  the  hygroscopic  character  of  the  soil; 
for  instance,  the  dunged  plats  are  far  more  retentive  of  moisture  than 
the  plats  receiving  chemical  manures  only.  Thus  it  is  usually  the 
case  that  the  drainpipes  from  the  dunged  plats  yield  no  drainage 
water,  even  when  the  pipes  from  the  other  plats  are  running  freely. 
Probably  the  pipes  from  the  undunged  i3lats  run  six  times  for  once 
that  those  of  the  dunged  plats  run.  Several  inches  of  rain  are  required 
to  cause  the  latter  to  run,  owing  to  the  great  absorptive  capacity 
acquired  by  the  soil  through  the  accumulation  of  organic  matter  from, 
the  dung. 
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Table  4. — Broadhalk  wheat  soils  (sampled  in  October,  1803) — Percentages  of 
stones,  fine  dry  soil,  stubble  and  roots,  etc.,  and  moisture  in  soils  as  sampled. 


First  9  inches. 


Second  9  inches. 


Third  9  inches. 


Plat  2a.  

Plat  2b  

Plat  3  

Plat  4  

Plat  5ab  

Plat  6ab  

Plat  Tab  

Plat  8ab   

Plat  9a  

Plat  9b  

Plat  10a  

Plat  10b  

Plat  llab  

Plat  12ab  

Plat  13ab   

Plat  14ab  

Plat  15ab  

Plat  16ab.  

Plat  ITab  

Plat  18ab  

Plat  19   

Average,  e  x  - 
eluding  plats 
2a  and  2b  


F.ct. 
11.97 
11.61 


P.  ct. 
70.96 

6S.P0 


P.  ct. 
0.02 
.03 


F.ct. 
17.05 
19.46 


P.  ct. 
5.90 
9.85  , 


P.  ct. 
74.22 
72.64 


P.ct. 


P.ct. 
19.88 
17.51 


P.ct. 
2.99 
3.52 


P.ct. 
74.62 
77.53 


P.ct. 


P.  ct. 

22.39 
18.95 


10.76 
10.54 
13.15 
12.31 
12.11 
12.87 
12. 28 
11.23 
13.86 
12. 14 
14.40 
14.34 
13.97 
13. 32 
14.31 
13.52 
14. 26 
14. 01 
14.07 


73.54 
73.86 
70. 86 
71.66 
71.24 
70. 83 
71.25 
72.44 
70. 27 
71.60 
69.59 
69.47 
69. 52 
70.36 
69.52 
70. 31 
70. 26 
70.42 
70.40 


.01 
.01 
.01 
.01 
.01 
.01 


13. 02    70. 92 


.01 
.01 
.01 


15.69 
15.60 
15. 98 
16.02 
16.64 
16.29 
16.46 
16.32 
15.87 
16.26 
16.01 
16. 19 
16.  50 
16.32 
16.16 
16.17 
15. 47 
15. 56 
15.53 


8.02 
7.37 
6.42 
2.57 
5.33 

15.31 
5.74 

11.13 

12.  27 
9.13 

17.  78 
8.27 

17.49 
9. 12 

11.88 
7.96 

13.94 
8.10 
5.64 


01    16.05  ! 


74.46 
73.00 
75.32 
78.07 
76.49 
68.09 
76.44 
73.  77 
67.94 
71. 65 
64. 20 
70. 17 
64.07 
68.94 
66. 74 
69.91 

66.  as 

69.90 
74.28 


0.01 


71. 05     . 01  19, 


17.52 

19.63 

18.25 

19.36 

18.18 

16.60 

17.81  , 

15.10 

19.79 

19.22 

18.02 

21.56 

18.44  ' 

21.94 

21. 38 

22. 13 

19. 42 

22.00 

20.08 


1.06 
5.  74 
4.12 
2.74 

13.12 
.61 
8.23 
1.59 
2.44 
9.66 
5.20 
6.21 
9.71 
3.11 

10. 28 
4.69 
4.37 
4.91 


21.70 
22. 67 
19.21 
19.10 
18. 97 

68.55   !  18.33 


77.  74 
76.27  I 
75.05 
76.78  I 
.29 


'.49 
73.26 
74.99 
74.68 
69.76 
71.88 
73.19 
68.46 
72.28 
67.77 
74. 17 
72. 54 


21.90 
!  18.51 
i  23.42 
22. 88 
20  58 
22.92 
20. 60 
21.83 
24.61 
21.95 
21.14 
23.1 


70.14    24.95 


5.18    73.33   1  21.49 


Fourth  9  inches. 


Fifth  9  inches. 


Sixth  9  inches. 


P.  ct. 

P.  ct. 

Plat  5ab  

0.15 

77.67 

Plat6ab  

1.38 

80. 72 

Plat  7ab  

4. 77 

77.11 

Plat8ab  

6.56 

73.91 

Plat  llab  

7.28 

71.39 

Plat  12ab  

2.11 

76.06 

Plat  13ab  

4.13 

74.06 

Plat  14ab  

5.74 

75.78 

Plat  15ab  

3.96 

73.89 

Plat  16ab  

19.86 

59.49 

Plat  17ab  

6.29 

71.87 

PlatlSab  

10.41 

68.55 

Average  

6.05 

73.38 

P.ct. 


p.  ct. 
22. 18 
17.90 
18.12 
19.53 
21.33 
21.83 
21.81 
18.48 
22.15 
20.64 
21.84 
21.04 


P.  ct.  , 
0.95 
.36 
13.46 
^.76 
5.  75 
3.26 
1.41 
.67 
.27 
1.22 
6.17 
22. 89 


P.  ct. 
78.33 
80. 80 
69. 59 
79.94 
72.87 
75.69 
78. 64 
76.48 
77.49 
72.18 
69.51 
59.61 


P.ct. 


P.ct. 
20  72 
18.85 
16.95 
19.30 
21.38 
21.05 
19.95 
22.85 
22.24 
26.60 
24.32 
17.50 


P.  ct. 
3.00 
.44 
17.00 
14. 98 
12.16 
10. 09 
2. 98 
1.00 
.47 
3.24 
8.01 
.41 


P.ct. 
75. 28 
80. 93 
66.92 
69.84 
68.79 
70.66 
74. 82 
75.22 
79.53 
72. 13 
67.84 
76.45 


P.ct. 


4.76  .  74.2 


20.98     6.15  73.20 


P.  ct. 
21.72 
18.63 
16.08 
15.18 
19.05 
19.24 
22.20 
23. 78 
20.00 
24.63 
24.15 
23.14 


20.  ( 
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Table  4. — Broadbalk  ivheat  soils,  etc. — Continued. 


Seventh  9  inches. 

Eighth  9 

inches. 

V 

6 

43 

-p 

4) 

CO 

a 

CO 

0(3 

-g 

CO 

43 

'o 

O 

o 

o 

o 
o 

a 

§ 

CO 

1  sto 

dry 

ture 

43 

00 

dry 

ble. 

ture 

(D 

OQ 

Tot 

Fin^ 

0 
43 

cc 

Moi 

Tot 

Fin 

OQ 

Moi 

P.  ct. 

P.  ct. 

P.ct. 

P.ct. 

P.ct. 

P.  ct. 

P.  ct. 

P.  cf. 

1.44 

74. 18 

24.38 

2.72 

74. 40 

22.88 

13.75 

70.28 

15.97 

13.59 

75. 36 

11.06 

.55 

82. 07 

17.38 

1.79 

78.73 

19.48 

5.19 

77.78 

17.03 

4. 15 

78.37 

17.48 

12.92 

70. 31 

16. 77 

8.31 

73. 84 

17.85 

15. 62 

66.17 

18.21 

21.95 

56.63 

21.42 

3.43 

70.75 

25.82 

1.99 

73.82 

24.19 

Plat  14ab    

3. 64 

73. 51 

22.85 

3. 47 

72.95 

23.58 

Plat  15ab  

10.63 

72.39 

16. 98 

7.43 

75. 66 

16.91 

Plat  16ab  --- 

1.97 

74. 17 

23. 86 

2.32 

72.50 

25.18 

Plat  17ab  

19. 77 

59.35 

20.88 

4.91 

74. 81 

20.28 

4.93 

76.11 

18.96 

.87 

80.81 

18.32 

7.82 

72.26 

19.92 

6.12 

73.99 

19.89 

Ninth  9 

inches. 

Tenth  9 

inches. 

;s,  etc. 

ts,  etc. 

® 

o 

o 

CO 

(£ 

o 

o 
o 

I  ston 

dry  s 

ble,  r( 

ture. 

g 

43 

CO 

dry  s 

iture. 

Toti 

Fim 

Moi 

Tot 

Fin 

Sill 

Mo 

P.  ct 

P.  ct. 

P.ct. 

P.  ct. 

P.ct. 

P.ct. 

P.ct. 

P.  ct. 

3.98 

72.81 

23. 21 

12.34 

67.33 

20.33 

3.17 

82.26 

14. 57 

3.19 

79.68 

17.13 

3.05 

77. 73 

19.22 

4.47 

77.44 

18  09 

.77 

82. 51 

16.72 

.10 

84.  79 

15.11 

2.74 

78.83 

18.43 

5.03 

77.31 

17.66 

a  Stones  retained  by  i-inch  sieve.  The  fine  dry  soil  includes  stones  passing  through  i-inch 
sieve. 


Table  4  gives  like  results  for  the  much  more  complete  set  of  samples 
drawn  in  1893.  In  that  year  the  sampling  was  not  confined  to  27 
inches,  but  was  carried  down  in  a  great  many  cases— in  successive 
depths  of  9  inches— to  72  inches  or  6  feet,  while  in  the  case  of  4  plats 
a  depth  of  90  inches  or  feet  was  reached.  And  here  I  must  make 
a  public  confession.  During  the  sampling  of  1893,  Sir  Henry  Gilbert 
was  here  in  America  lecturing,  and  Sir  John  Lawes  was  superintend- 
ing the  work  of  sampling  at  Rothamsted.  I  happened  to  go  to  see 
him  while  the  pits  excavated  for  sampling  the  wheat  plats  were  open, 
the  full  depth  of  90  inches  having  been  reached  only  in  four  cases. 
I  was  much  interested  in  the  sampling,  as  a  set  of  the  samples  was 
promised  xo  me  for  investigation  in  regard  to  the  phosphoric  acid 
and  potash  constituents,  by  a  process  which  I  had  then  recently 
applied,  with  very  interesting  results,  to  the  examination  of  the  bar- 
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ley  soils  in  Hoos  field.  I  was  much  struck  Avith  the  great  variations 
shown  by  the  subsoils  of  the  wheat  plats  in  their  lowermost  depths. 
The  lower  subsoils,  at  corresponding  depths,  were  in  some  cases 
mere  chalk,  in  others  mixtures  of  clay  and  chalk,  and  in  others  of 
chalk,  clay,  and  gravel;  and  this  lack  of  any  kind  of  apparent  uni- 
formity so  low  down  made  it  obvious  that  the  lower  samples  were 
likely  to  be  of  very  little  value  for  the  purpose  of  comparison  of 
their  fixed  mineral  contents  or  of  their  organic  nitrogen.  My  mind 
was  probably  mainl}^  concentrated  upon  the  phosphoric  acid  and  pot- 
ash problems  which  I  was  myself  about  to  be  allowed  to  investi- 
gate, and  it  appeared  to  me  that  from  that  point  of  view  there  was 
not  much  interest  in  the  samples  below  the  second  or  third  depth. 
Sir  John  Lawes  pointed  out  that  this  would  not  appl}^  in  anything 
like  the  same  degree  to  diifusible  constituents,  e.  g.,  nitrates.  It 
appeared  to  me,  however,  to  be  very  unlikel}^  that  even  the  migratory 
constituents  would  present  much  interest  at  a  depth  of  7|  feet,  for  at 
that  depth,  or  even  considerably  short  of  it,  it  seemed  natural  to  sup- 
pose that  the  subsoil  contents  washed  down  from  the  surface  would 
have  not  merely  descended,  but  would  have  also  diffused  laterally  to 
such  an  increasing  extent  that  the  subsoils  would  surely  have  their 
proper  soluble  contents  merged  into  one  another;  for  the  wheat  plats, 
although  something  like  half  an  acre  in  area,  are  arranged  in  long 
strips  parallel  to  one  another,  and  not  in  squares.  This  view  I  was 
rash  enough  to  express  pretty  confidently,  with  the  result  that  Sir 
John  Lawes — who,  I  believe,  inwardly  felt  a  like  conviction — decided 
not  to  spend  further  time  and  labor  in  completing  the  sampling  of  the 
deeper  subsoils,  especially  as  the  season  was  getting  late  and  he  was 
anxious  to  get  the  wheat  sown.  ISTow  it  happens  that  my  view  as  to 
the  lateral  diffusibility  of  the  nitrates,  even  at  so  great  a  depth  as  7| 
feet,  was  incorrect,  their  downward  settlement  being  much  more  ver- 
tical than  I  had  anticipated;  and  the  results  of  subsequent  analyses 
of  even  the  deepest  subsoils  by  Sir  Henry  Gilbert  were  such  as  to 
make  it  a  matter  of  regret  that  the  original  plan  of  sampling  to  90 
inches  throughout  the  whole  series  of  plats  was  not  carried  out.  But 
for  my  unlucky  visit.  Sir  John— even,  perhaps,  a  little  in  the  face  of 
his  own  inclination — would  have  completed  the  sampling  plan  that  he 
had  prearranged  with  Sir  Henry  Gilbert,  who,  I  am  afraid,  does  not  to 
this  day  quite  forgive  me.  I  now  publicly  express  my  sorrow  for  the 
gaps  which,  through  my  fault,  will  be  found  in  certain  interesting 
tables  which  we  shall  have  to  deal  with  by-and-by. 
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Table  5. — Broadbalk  wheat  soils  sampled  in  October,  1865;  October,  18S1,  and 
October,  1893 — Percentages  of  stones,  fine  dry  soil,  stubble  and  roots,  etc.,  and 
moisture  in  soils  as  sampled. 

SUMMARY,  EXCLUDING  DUNGED  PLATS. 


Depth. 


Number 
of  plats. 


Total 
stones,  a 


Fine  dry- 
soil. 


Stubble, 
roots, 
etc. 


Mois- 
ture. 


Samples  collected  October  2-9, 1865: 

First  9  inches    

Second  9  inches  -   

Third  9  inches    

Samples  collected  October  10-18,  1881 

First  9  inches   

Second  9  inches   

Third  9  inches    

Samples  collected  October  13-21, 1893 

First  9  inches  

Second  9  inches  

Third  9  inches.   -  

Fourth  9  inches    

Fifth  9  inches  

Sixth  9  inches   

Seventh  9  inches    

Eighth  9  inches  

Ninth  9  inches  , 

Tenth  9  inches   


Per  cent. 
16.16 
11.03 
6.34 

14.77 
8.98 
5.24 

13.02 
9.66 
5.18 
6.05 
4. 76 
6. 15 
7.82 
6.12 
2. 74 
5.03 


Per  cent. 
73.  78 
72.  68 
75. 57 


71.54 
72.77 

70.92 
71.05 
73.33 
73.38 
74. 26 
73.20 
72.26 
73.99 
78.83 
77.31 


Per  cent. 
0.05 


.03 
.01 
.01 

.01 
.01 


Per  cent. 
9.01 
16.29 
18.09 

16.31 
19.47 
21.98 

16.05 
19.28 
21.49 
20.57 
20.98 
20.65 
19.92 
19.89 
18.43 
17.66 


a  Stones  retained  by  ^-inch  sieve, 
sieve. 


The  fine  dry  soil  includes  stones  passing  through  i-inch 


The  short  summary  given  in  Table  5,  especially  in  the  1893  division, 
shows  at  a  glance  the  average  composition  of  all  the  plats,  excluding 
the  dunged  plats,  at  the  various  depths.  There  is  a.  general  though 
not  uniform  decline  in  the  proportion  of  stones  as  we  go  deeper^ 
and,  of  course,  a  corresponding  increase  in  fine  soil,  together  with 
a  general  increase  dow^nward  in  the  moisture  retained  by  the  soil, 
though  in  the  last  depths  there  is  a  decrease.  The  variations  are, 
for  a  considerable  depth,  due,  no  doubt,  mainly  to  the  causes  of 
weather,  vegetation,  etc. ,  already  alluded  to,  but  in  the  lower  depths 
the  varying  ]3roximity  of  the  underlying  chalk  must  to  some  extent 
afford  a  varying  facilitation  for  the  passage  away  of  drainage  water. 
Thus  far  for  the  mere  percentage  mechanical  composition  of  the  soil, 
based  upon  the  arbitrar}^  division  into  stones  retained  by  a  one-fourth- 
inch  sieve  and  fine  soil. 

We  have  now  to  go  into  the  very  important  question  of  the  weights 
per  acre  represented  by  the  samples  taken  in  various  years  from  the 
various  plats  and  at  various  depths.  The  whole  of  the  figures  relat- 
ing to  the  great  number  of  samples  taken  need  not  be  given,  nor 
would  their  record  serve  any  useful  purpose,  but  it  appears  important 
to  give  a  resume  of  the  hitherto  unpublished  data  on  which  are  based 
the  acreage  weights  now  adopted  at  Rothamsted,  and  Sir  Henry  Gil- 
bert has  very  kindly  furnished  me  with  such  a  resume. 

The  methods  of  sampling  and  weighing  and  of  sifting  and  dividing 
the  samples  into  stones  and  fine  soil  have  already  been  described. 
In  comparing  the  results  obtained  in  the  1865  and  1881  samples  it  was 
noticed  many  years  ago  that  the  1865  samples  representing  the  first  9 
inches  were  approximately  one- tenth  lighter  in  weight  than  those  of 
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1881.  After  a  careful  study  at  the  time  it  was  considered  by  Sir  John 
Lawes  and  Sir  Henry  Gilbert  that  the  lighter  weights  of  I860  were 
more  probably  correctly  representative  of  the  first  9  inches,  and  that 
the  1881  samples  had  included,  in  the  actual  9  inches  taken,  more 
than  the  first  9  normal  inches  of  soil;  in  fact,  that  the  quantity  taken 
on  the  original  weight  represented  more  nearly  10  inches  of  real  depth 
than  9  inches,  or  that  it  included  about  1  inch  too  much  of  subsoil. 
Accordingly,  after  anal3^sis  of  the  soils,  the  estimates  per  acre  of  the 
nitrogen,  for  example,  in  the  1881  samples,  were  calculated  on  the 
assumption  that  the  weights  should  have  been  approximately  one- 
tenth  less,  a  deduction  of  one-tenth  being  made  from  the  originally 
indicated  acreage  weight  of  the  soil.  But  more  recently,  when  the 
weiglits  of  the  1 893  samples  were  available  for  comx3arison,  it  was  found 
that  the  average  weights  of  the  1881  and  1893  samples  of  the  first  9 
inches  agreed,  both  being  ver}'  sensibly  above  those  of  1865.  A  care- 
ful stud}^  of  the  climatic  features  of  the  three  individual  seasons, 
both  before  and  after  the  removal  of  their  respective  crops,  and  of 
the  probable  condition  of  the  land  as  affected  thereb}^,  together  with 
the  notes  that  had  been  kept  relating  to  the  mechanical  operations  to 
which  the  land  had  been  subjected,  led  to  the  conclusion  that  in  1865 
the  surface  soil  was  in  a  lighter  condition  than  in  either  1881  or  1893, 
and  that  probably  the  weights  were  more  normal  in  the  two  later 
years.  After  much  tabulation  and  much  thought  and  calculation  as 
to  the  elfects  of  assimilating  the  weights  of  1865  with  those  of  1881 
and  1893,  it  was  found  that  no  inconsistency  was  introduced  and  that 
the  truth  was  more  probably  arrived  at  by  correcting,  on  this  assump- 
tion, the  estimates  derived  from  the  weights  of  1865  than  by  altering, 
as  had  previously  been  done,  the  estimates  for  1881.  As  regarded  the 
subsoils,  there  seemed  to  be  little  reason  for  supposing  that  the  weights 
would  materially  alter  from  period  to  period,  and,  after  careful  corre- 
lation of  all  the  details,  it  was  decided  to  take  a  fixed  weight  of  fine, 
dry  soil  for  each  depth  at  each  of  the  three  periods,  this  being  found 
by  taking  the  mean  of  all  the  determinations  in  the  three  or  the  two 
years,  as  the  case  might  be. 

There  Avere  considerable  variations  in  the  weights  of  fine,  dry  soil 
in  the  samples  from  the  different  plats  in  one  and  the  same  year, 
which  were  largely  attributable  to  the  varying  amounts  of  stones; 
but  comparing  the  averages  for  all  the  plats  of  one  year  with  those  of 
the  others  the  differences  were  comparatively  immaterial. 

Except,  therefore,  in  the  case  of  the  plats  receiving  large  quantities 
of  organic  matter,  such  as  farnward  manure  or  rape  cake,  there  has 
now  been  adopted,  for  the  three  A^ears,  a  uniform  average  weight  of 
fine  dry  soil  for  the  first  9  inches,  and  also  a  uniform  weight  per  acre 
of  fine  dry  soil  for  each  depth  below  the  first  9  inches,  including,  in 
the  case  of  the  subsoils,  those  of  the  dung  and  rape- cake  plats.  As  the 
estimates  of  weight  of  soil  i3er  acre  now  adopted  will  continue  to  be 
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used  at  Rothamsted  until  any  further  experience  indicates  the  pro- 
priety of  any  modifications,  it  is  desirable  that  the  data  from  which 
these  estimates  are  derived  should  be  published  for  future  reference, 
and  they  are  therefore  embodied  in  the  following  table: 

Table  Q.  —Broadbalk  ivlieat  soils — Resume  of  data  and  iveights  of  fine  dry  soil 
per  acre  adopted  for  all  plats  sampled,  and  for  all  depths  taken  in  1S65, 1881,  and 
1893  {excepting  for  the  first  9  inches  of  plats  2a,  3h,  and  19 ^  for  which  see  separate 
table). 

[It  will  be  seen  that  in  the  case  of  the  first  depth  the  results  for  plat  2  and  19  are  not  brought 
in  in  taking  the  average  for  the  other  plats,  but  that  for  each  depth  below  the  first  the  results 
for  plats  2  and  19  are  brought  in.  and  that  a  uniform  weight  is  adopted  for  each  depth  for  each 
of  the  three  years,  1865, 1881,  and  1893.] 


Year. 

1  Number  of  plats. 

Number  of  samples. 

Stones  retained  by 
i-inch  sieve. 

Average  weight  per  acre. 

Fine  soil  (dry) 
passing  i-inch 
sieve. 

Total   fine  dry 
soil  and  stones. 

Moisture. 

Total   soil  as 
sampled  in  the 
field. 

First  9  inches: 

All  plats  sampled,  exclud- 
ing plat  2— 

Actual-  -  

Adopted  

/  11  plats  sampled,  excluding 
2  and  19  

Average,  1881  and  1893 

Second  9  inches: 

All  plats  sampled,  exclud- 
ing 2  and  19  

Average,  1881  and  1893 

All  plats  sampled,  including 
2  and  19   

Average,  1881  and  1893 

|l865 

10 

r  80 

im 

/i08~ 
\  66 

Pounds. 
534, 971 
523, 549 

Pounds. 
2, 297, 896 
2, 592, 621 

Pounds. 
2,832,867 
3, 116. 170 

Pounds. 
280, 924 
601,564 

Pounds. 
3,115,221 
3,718,565 

fl881 
\1893 

547, 749 
483, 950 

2, 557, 170 
2, 650, 631 

3, 104, 919 
3, 134, 581 

602, 073 
600, 731 

3,708,1*7 
3, 735, 563 

174 

523, 549 

2, 592, 621 

3, 116, 170 

601, 564 

3, 718, 5a5 

ri881 
\1893 

18 
18 

108 
66 

338,252 
357, 278 

2, 708. 505 
2,567,100 

3,046.757 
2,924,378 

737. 601 
695. 430 

3. 784, 632 
3, 619, 879 

3, 722, 139 

174 

345, 469 

2, 654, 869 

3,000,338 

721.605 

ri88i 

11893 

~w 

21 

~m) 

Ti 

347, 510 
343, 067 

2, 706. 473 
2,579,859 

3, 053. 983 
2, 922; 926 

733. 232 
691,  m 

3,787,500 
3, 617, 652 

197 

345, 773 

2, 656, 984 

3,  (!02. 757 

718, 155 

3, 721,113 

All  plats,  including  2  

All  plats,  including  2  and  19  . . 
Do  

Average,  1865, 1881,  and 
1893   

1865 
1881 
1893 

ir 

20 
21 

"88" 
120 
77 

410, 015 
347, 510 
343,067 

2. 703. 417 
2,706,473 
2, 579, 859 

3, 113, 432 
3, 053. 983 
2, 922; 926 

590, 189 
733,232 
694,  a59 

3, 703,714 
3,787,500 
3, 617,652 

285 

365,609 

2, 671, 321 

3, 036, 930 

678,643 

3,715,740 

.Third  9  inches: 

All  plats  sampled,  exclud- 
ing 2  and  19  

Average,  1881  and  1893 . 
All  plats,  including  2  and  19  . . 
Average,  1881  and  1893 

ri881 
11893 

18 
18 

108 
66 

194, 415 
196, 121 

2, 763, 164 
2, 777, 540 

2, 957, 579 
2,973,661 

832, 173 
803, 147 

3,790,004 
3, 776,839 

174 

195, 062 

2, 768, 617 

2, 963, 679 

821,163 

3, 785, 010 

ri881 
\1893 

~20 
21 

120 
77 

197 

205, 828 
188, 555 

199, 077 

2, 750, 600 
2, 780, 895 

2, 762, 441 

2.956,428 
2, 969, 450 

2,961,518 

828, 831 
807,363 

820, 440 

3,78.5,506 
3,776,842 

3. 782, 120 

All  plats  sampled,  including  2 . 
All  plats,  including  2  and  19  . 
Do  

Average,  1865,  1881,  and 
1893   

1865 
1881 
1893 

11 

20 
21 

88 
120 
77 

285 

243, 973 
205, 828 
188,555 

2, 856. 554 
2, 750, 600 
2, 780, 895 

3, 100, 527 
2, 956, 428 
2,969,450 

684. 955 
828, 831 
807,363 

3,785,513 
3. 785,506 
3,776,842 

212, 93? 

2, 791, 501 

3,004,440 

778, 606 

3, 783, 167 
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Table  6. — Broadhalk  iclieat  soils,  etc. — Continued. 
SUMMARY  OF  ADOPTED  "WEIGHTS,  ETC. 


Average  weight  per  acre. 


Average  of— 

108  samples  in  1881  and 
66  in  1893  

88  samples  in  1865,  130 
in  1881,  and  77  in  1893.- 

Do  -  

All  samples  in  1893  

Do  

Do  

Do   

Mean  of  6tb  and  8th  depths 

(adopted)   

All  samples  in  1893  

Do  

Do  


First . 


Second 
Third  . 
Fourth 
Fifth... 
Sixth. . 
Seventh 


285 
285 

24: 
24: 
24: 

24 


Eighth. 
2^inth  . 
Tenth . 


Pounds. 

523,549 

3a5.609 
212. 939 
228, 690 
186. 492 
237, 765 
298.341 

238,843 
239, 920 
102, 955 
190,915 


Pounds. 

2,592,621 

2.  en,  321 
2. 791, 501 
2.  783.  485 
2, 865. 549 
2, 836, 890 
2.  746, 319 

2, 852, 599 
2, 868. 308 
3.0a3,479 
3, 001, 755 


Pounds.    Pounds.  Pounds. 


3, 116. 170     601, 564  \ 


3. 036. 930 
3, 004. 440 
3.012.175 
3. 052. 041 
3. 074. 655 
3.044.660 


678.643  ' 
778.606 
778, 4a5 
807. 104 
797. 535 
752.434 


3. 718, 565 

3. 715. 740 
3.  783. 167 
3,  790. 628 
3. 8.59. 144 
3. 872. 189 
3.79r.094 


3,091.442  781.712  3,873,154 

3, 108. 228  765.  889  3. 874. 118 

3. 106. 434  700. 142  3. 807. 076 

3,192,670  :  683,149  ,  3,875,819 


111  the  case  of  the  i)lats  receiving  annually  large  quantities  of 
organic  matter  in  the  form  of  dung  or  rape  cake  the  soil  necessarily 
becomes  more  bulky  or  x^orous  and  absorbent,  and  therefore  lighter 
as  regards  the  surfa^ce  soil.  Table  6  shows  the  determined  weights  of 
the  dunged  i)lats,  2a  and  2b,  and  of  the  rape-cake  plat  at  different 
periods,  and  also  their  calculated  weights  based  on  the  assumption  of 
an  average  yearly  decrease  in  weight  corresponding  to  increment  of 
organic  matter.  Plat  2a,  it  will  be  remembered,  has  received  14  tons 
of  farmyard  manure  every  year  since  1884 — that  is  to  say,  for  only 
nine  years  i^reviously  to  the  1893  samj^ling — while  plat  2b  had  received 
14  tons  of  farmyard  manure  every  year  for  fifty  years.  Plat  19  has 
for  many  years  received  about  16  hundredweight  of  ground  rape  cake 
per  annum. 
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Table  7. — Broadbalk  ivheat  soils^  actual  and  calcidated  iveights  per  acre  of  fine 
dry  soil,  of  plats  2a,  2b,  and  19,  at  different  depths  {fli^st  9  inches). 


Year  of  sampling. 

Actual 
weight  of 
fine  dry  soil 
per  acre. 

Assuming 

2,592,621 
pounds  in 

lOodt  I  or  ddi, 

and  in  1843 
for  2b,  and  in 
1878  for  19  (as 
adopted  for 
all  dates  for 
all  plats  ex- 
cept 2  and 
19). 

Number  of 
years  be- 
tween 
starting 
point  and 
each  sam- 
pling. 

Reduction 
of  weight, 
if  at  same 
rate  per 
annum. 

Calculated 
weight  of 
fine  dry  soil 
per  acre  at 
each  date 
(starting- 
point  weight 
less  assumed 
reduction 
over  succes- 
sive peri- 
ods). 

Actual 
(+  or-) 
calculated 
weight. 

Plat  2a: 

1843   

Pounds. 
(a) 
2,510,185 

Pounds. 
2,592,621 
2, 510, 185 

82,436 

9,160 

2,592,621 

2,333,891 
258, 730 
5, 174. 6 
2,592,621 

Years. 

Pounds. 

Pounds. 

Pounds. 

1893 

Difference    in  9 
Years 

Difference  per  an- 

Plat2b: 
1843 

(a) 
62,420,363 
2, 456, 509 
2,333,891 

2  592  621 
2^ 478! 780 
2.395,986 
2,333,891 

1865 
1881 

^  1893    

22 
38 
50 

113, 841 
196, 635 
258, 730 

—58,417 
4-60^  523 

Difference   in  50 
years   

Difference  per  an- 

Plat  19: 

18T8&  

(a) 
2,462, 780 
2,579,942 

1881c  

3 

15 

2,536 
12,679 

2, 590, 085 
2,579,942 

1893    

2,579,942 
12, 679 
845.3 

Difference   in  15 
years  

Difference  per  an- 
num _  

a  Not  sampled. 

6  All  1865  first  9  inches  assumed  to  be  one-ninth  too  low;  hence  actual  weight,  2,178,327  pounds,  + 
one-ninth  (242,036  pounds)  =  2,420,363  pounds,  assumed  corrected  weight. 

cl878,  the  commencement  of  a  large  increase  in  the  amount  of  rape  cake  applied  per  annum  is 
adopted  as  the  starting  point  in  this  case. 


The  following  table  (Table  8),  abstracted  from  the  foregoing  tables, 
gives  at  a  glance  the  final  adopted  weights : 

Table  8. — Weights  per  acre  of  fine  dry  soil  adopted  for  the  Broadbalk  icheat  plats. 


[Extracted  from  Tables  6  and  7.] 

First  9  inches:  Pounds. 
For  all  plats,  excepting  2a,  2b,  and  19  for  each  year, 

1865, 1881,  and  1893   2,592,621 

For  plat  2a  in  1893   _    2,510,185 

For  plat  2b  in  1865   2, 478, 780 

For  plat  2b  in  1881 -   2,395,986 

For  plat  2b  in  1893     2, 333, 891 

For  plat  19  in  1893   2,  579,  942 

Second  9  inches: 

For  all  plats  in  each  year    2, 671, 321 

Third  9  inches: 

For  all  plats  in  each  year     2, 791, 501 

Lower  depths,  for  all  plats: 

Fourth  9  inches  .     2,783,485 

Fifth  9  inches     2, 865, 549 

Sixth  9  inches     2,  836,  890 

Seventh  9  inches   2,  852,  599 

Eighth  9  inches     2,  868,  308 

Ninth  9  inches   3,  003,  479 

Tenth  9  inches     3,  001,  755 
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SAMPLES  TAKEN  IN  1893. 

These  samples,  you  may  be  reminded,  were  drawn  at  the  close  of 
the  fiftieth  experimental  year  of  continuous  wheat  growing  on  the 
same  series  of  x)lats.  As  the  results  of  the  examination  of  this  series 
of  samples  are  new,  and  as  they  x)ossess,  on  account  of  the  greater 
age  of  the  experiments,  more  interest  than  the  earlier  samples,  they 
may  be  allowed  to  have  the  first  claim  on  our  attention.  They  will 
subsequentl}'  be  considered  in  relation  to  those  of  the  earlier  samples. 

TOTAL  NITROGEN  AND  ORGANIC  CARBON  (GENERAL  DISCUSSION 
AND  FULL  STATEMENT  OF  ANALYTICAL  RESULTS). 

The  most  important  element  in  the  soil,  because  the  most  expensive 
one  to  supply,  and  therefore  the  one  we  are  most  anxious  to  conserve, 
is  the  nitrogen.  We  will,  therefore,  consider  in  the  first  place  the 
results  of  the  determinations  of  nitrogen  in  the  samples  representing 
the  soils  and  subsoils  of  the  various  plats. 

It  is  here  necessary  to  explain  to  those  who  are  not  practical  chem- 
ists that  there  are  two  methods  in  general  use  for  the  determination 
of  nitrogen  in  such  bodies  as  soil.  Much  the  older,  and  formerly-  the 
almost  universally  adopted,  method  was  that  known  as  the  soda-lime 
combustion  method.  All  the  earlier  determinations  at  Rothamsted 
were  made  by  this  method  of  analysis.  In  the  last  few  years  another 
method,  one  of  "  moist  combustion  "  in  boiling  suli^huric  acid,  has 
arisen,  known,  from  the  name  of  its  inventor,  as  the  Kjeldahl  method. 
For  x)i'actical  commercial  purposes,  such  as  the  examination  of 
manures,  where  accuracy  in  small  decimal  perceiitage  x^laces  is  not 
sought,  both  methods  give  substantially  the  same  results.  It  is,  how- 
ever, now  largely  conceded  that  the  Kjeldahl  process,  iDrojjerly  modi- 
fied, is  the  more  trustworthy;  and,  from  its  cleanliness,  convenience, 
and  sim]3licity,  it  has  in  England  and  in  German}^  now  x)ractically 
supplanted  the  soda-lime  method,  and,  I  understand,  has  also  to  a 
large  extent  done  so  in  America,  although  I  believe  your  chemists 
still  recognize  the  soda-lime  method  as  an  alternative  official  process. 

The  1893  wheat-soil  sami3les  have  all  been  examined  b}'  both  proc- 
esses, and  as  there  is  throughout  a  slight  difference  in  the  results, 
it  is  considered  important  that  both  should  be  recorded,  for  although, 
as  will  presently  appear,  it  is  desirable  to  accept  the  Kjeldahl  results 
as  the  more  satisfactory,  it  is,  on  the  other  hand,  imx)ortant  to  i)re- 
serve  the  soda-lime  results  for  comparison  with  those  of  the  analyses 
of  the  earlier  series  of  samples,  which  were  made  b}^  the  soda-lime 
method.  It  is,  moreover,  interesting  to  those  who  are  x)ractical  agri- 
cultural chemists  to  see  the  nature  and  range  of  the  variations 
between  the  two  sets  of  results.  These  are  set  out  in  Table  9.  The 
nitric  nitrogen  is  also  added  separately. 
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Table  9,—Broadbalk  wheat  soils,  sampled  in  October,  1893— Percentage  of  nitro- 
gen in  fine  dry  soil,  as  determined,  respectively,  by  the  soda-lime  method  and  by 
the  Kjeldahl  method;  also  the  percentage  of  ''nitric''  nitrogen  {nitrogen  existing 
in  the  form  of  nitrates). 


First  9  inches. 

Second  9 

inches. 

Total  nitrogen.  i 

Total  nitrogen. 

1 

By  soda-  j 
lime. 

By  Kjel- 
dahl. 

Kjeldahl 

(  +  )  or  1 
(  — )  soda-' 
lime. 

*■ '  Nitric ' ' 
gen. 

By  soda- 
lime. 

By  Kjel- 
dahl. 

Kjeldahl 
(  +  )  or 

(— )  soda- 
lime. 

"Nitric" 
nitro- 
gen. 

Plat  2a  

Per  cent. 
0. 1520 

Pel  cent. 
0. 1628 

Per  cent. 
+0. 0108 

rev  cenX. 

Per  cent.  1 
0. 0761 

Per  cent. 
0.0811 

Per  cent. 
+0. 0051 

Per  cent. 
0.000848 

Plat  2b   

.2132 

.  2207 

+ 

0075 

. UUUiOi 

.0712 

.0767 

-1- 

.0055 

. 001698 

Plat  3  --- 

.0940 
.0906 

.0992 

+ 

0052 

.  uuuo  i  /5 

.0696 

.0730 

.0034 

.  000345 

Plat  4  —  - 

.0982 

+ 

0076 

.  UVAJOU4 

.0670 

.0783 

+ 

.0113 

.000263 

Plat  5.--  --- 

.0971 

.1013 

0042 

. UUUiUD 

.0684 

.  0739 

+ 

.0055 

. 000238 

Plate   - 

.1076 

.1107 

+ 

0031 

.  00(J545 

.0671 

.0720 

+ 

.0049 

.000477 

Plat  7  

.1146 

.1222 

0076 

. uuuo  i  i 

.0598 

.0681 

+ 

.0083 

.(X)0719 

Plat.  S   

.1167 

.1188 

-f 

0021 

. 000671 

.0696 

.0752 

+ 

.  0056 

.001092 

.1116 

.1189 

+ 

0073 

.000641 

.0765 

.0849 

+ 

.0084 

.000720 

Pint  fih 

1058 

1094 

+ 

.0036 

.000428 

0778 

.0799 

-f 

.  0021 

001305 

Plat  10a  

;  1002 

.'  1069 

+ 

.0067 

.0(J0483 

.0789 

.0817 

.0028 

! 000952 

Plat  10b   

Plat  11   

.1029 
.1119 

.1064 
.  1131 

+ 
+ 

.0035 
.0012 

. 000364 
.000450 

.0765 
.0747 

.0820 
.0812 

+ 

.0055 
.0065 

. 001088 
.000920 

Plat  12....  

.1110 

.1194 

+ 

.0084 

.  0(X)546 

.0791 

.0840 

+ 

.0049 

.000954 

Plat  13  

.1088 

.1162 

+ 

.0074 

.  000537 

.0686 

.0757 

.0071 

. 000979 

.1204 

.1250 

+ 
+ 

.0046 

.000516 

.0748 

.0804 

+ 

.0056 

.001160 

Plat  15  .- 

.1188 

.1234 

.0046 

.000386 

.0809 

.0842 

-f 

.0033 

.000700 

Plat  16  

.1110 

.1177 

+ 

.0067 

.000524 

.0708 

.0783 

+ 

.0075 

. 001594 

Plat  17..  

.1117 

.1174 

+ 

.0057 

. 000470 

.0731 

.0777 

+ 

.0046 

.001037 

Plat  18   

Pint  1Q  ^   

.1204 
.1309 

.  1232 
.1348 

+ 
+ 

.0028 
.0039 

. 000449 
.000855 

.0701 
.0776 

.0793 
.0794 

+ 

-f 

.0092 
.0018 

.  001553 
.000912 

Average,  exclud- 
ing 2a  and  2b--- 
Average,  all  plats. 

.1098 
.1167 

.1149 
.1222 

+ 

.0051 
.0055 

.000501 

+ 

.  000520 

.  0728 

.0784 

+ 

.0056 

.000931 

Third  9  inches. 

Fourth  9  inches. 

Total  nitrogen. 

Total  nitrogen. 

"Nitric" 
nitro- 
gen. 

By  soda- 
lime. 

By  Kjel- 
dahl. 

Kjeldahl 

(  +  )  or 
(— )  soda- 
lime. 

''Nitric" 
nitro- 
gen. 

By  soda- 
lime. 

By  Kjel- 
dahl. 

Kjeldahl 

(  +  )  or 
(— )  soda- 
lime. 

Plat  2a . 

Per  cent. 
0.0645 
.0628 
.0594 
.0573 
.0560 

Per  cent. 
0. 0660 
.0656 

.oa5i 

.0644 
.0645 

Per  cent. 
+0  001.^ 

Per  cent. 
0. 000368 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

TDlo-(-  OVv 

+ 
+ 

.0028 
.0057 
.0071 

.000439 
.000098 

Plat  3    

Plat  4..-.  - 

+ 

.000076 

Plat  5   

+ 

.0085 

. 000080 

0.0458 

0  0524 

4-0.0066 

6.060634 

Plat  6.   

.0558 

.0628 

.0070 

.000208 

.0448 

.0469 

+ 

.0021 

. 000107 

Plat  7   

.0527 

.  0583 

+ 

.0056 

.000306 

.0501 

.0466 

.ooa5 

.000191 

Plat  8.   

.0587 
.0609 

.0630 

+ 

.0043 

.000312 

.0567 

.0546 

.0021 

.000313 

Plat  9a  

.0696 
.0690 
.  0706 
.0696 
.0672 

+ 
+ 

.0087 
.0041 
.0028 
.0014 
.0050 

.000240 

Plat  9b  .- 

.0649 
.0678 
.0682 
.0622 

.  00(J558 

+ 

. 000403 

Plat  10b 
Plat  11 

.  mm 

.000533 

1  .0138 

.0585 

+ 

.0147 

.000419 

Plat  12  .- 

.0676 

.  0733 

+ 

.  0057 

. 000435 

■  .0569 

.0634 

+ 

.0065 

.000268 

Plat  13   

Plat  14...  _  

.0566 
.  0635 

.  06.50 
.0650 

4- 

.  0084 
.0015 

.  000338 
. 000422 

.  0514 
.0399 

.0528 
.0441 

+ 
+ 

.0014 
.0042 

.000168 
.000246 

Plat  15...-  

.  0578 

.  0693 

-f- 

.0015 

.  000377 

.0390 

.0441 

+ 

.0051 

.000234 

Plat  16  

.0606 

.  0655 

+ 

.fX)49 

,  .000744 

;  0463 

.0521 

+ 

.0058 

.000468 

Plat  17  

.0606 

.0671 

+ 

.  0065 

.000306 

,  .0468 

.0497 

+ 

.0029 
.0014 

.000103 

Plat  18  

.0606 

.066:3 

.0057 

.000229 

.0467 

.0481 

+ 

.000121 

Plat  19  

.0697 

.0719 

+ 

.0022 

.000508 

I 

Average,  allplats- 

.0613 

.0666 

.0053 

.000356 

.0474 

.0511 

-f 

.0037 

.000223 
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Table  9. — Broadbalk  icheat  soils,  etc. — Continued. 


Fif  th  9 

inches. 

Sixth  9 

inches. 

Total  nitrogen. 

"Nitric" 
nitro- 
gen. 

Total  nitrogen. 

''Nitric" 
nitro- 
gen. 

By  soda- 
lime. 

By  Kjel- 
dahl. 

Kjeldahl 
(  +  )  or 

(— )  soda- 
lime. 

By  soda- 
lime. 

Percent. 
0. 0497 
.0456 
.0341 
.0409 
.0404 
.0413 
.0417 
.0409 
.0297 
.0413 
.0334 
.0317 

By  Kjel- 
dahl. 

Kjeldahl 
(  +  )  or 

(— )  soda- 
lime. 

Plat  5   

Plat  6..  

Plat  7  

Plat  11.  

Plat  12  

Plfl  tl3   

Plat  U.   

Plat  15   

Plat  16  

Plat  17   .- 

Plat  18   

Average,  allplats. 

Percent. 
0.0406 
.0462 
.0425 
.0489 
.0470 
.0479 
.0453 
.0386 
.0407 
.0484 
.0441 
.0346 

Per  cent. 
0.0442 
.0497 
.0468 
.0497 
.0491 
.0493 
.0517 
.0444 
.0458 
.0543 
.0449 
.0360 

Per  cent. 
-f 0. 0036 
-f  .0035 
+  .0043 
+  .0008 
+  .0021 
+  .0014 
+  .0064 
+  .0058 
+  .0051 
-f  .0059 
+  .0008 
-f  .0014 

Per  cent. 
0. 000035 

. 000162 
.000297 
.  000300 
.000204 
.000123 
. 000213 
. 000189 
.  000273 
.000064 
. 000102 

Per  cent. 
0. 0569 
.0463 
.0348 
.0409 
.  0404 
.0477 
.0467 
.0438 
.0333 
.0442 
.0413 
.0397 

Percent. 
+0. 0072 
+  .0007 
+  .0007 
.0000 
.0000 
+  .0064 
+  .0050 
+  .(X)29 
-f  .0036 
+  .0029 
+  .0079 
-f  .0080 

Per  cent. 
0. 000025 
.  00!  )131 
. 000155 
.  000263 
.  00)177 
.000178 
.000134 
. 000190 
.000152 
. 000210 
. 000061 
.000058 

.0437 

.0473 

+  .0035 

.000174 

.0392 

.0430 

+  .0038 

. 000144 

Seventh  9  inches.  i  Eighth  9  inches. 


Total  nitrogen.  Total  nitrogen. 


By  soda-  By  Kj  el- 
lime,  dahl. 

Kjeldahl 
(+)  or 

(— t  soda- 
lime. 

"  Nitric" 
nitro- 
gen. 

By  soda- 
lime. 

Bv  Kjel- 
dahl. 

Kjeldahl 

(  +  )  or 
(— )  soda- 
lime. 

"  Nitric" 
nitro- 
gen. 

Plat  5  

Plat  6   

Plat  7  

Plat  8   

Plat  11  

Plat  12   

Plat  13...  

Plat  14   

Plat  15...  

Plat  16  

Plat  17  

Plat  18   

Per  cent. 
0. 0584 
.0401 
.0416 
.0428 
.0310 
.0380 
.0427 
.0397 
.0318 
.0396 
.0297 
.0282 

Per  cent. 
0. 0591 
.0400 
.0416 
.0442 
.0366 
.0423 
.0471 
.  0454 
.0353 
.0454 
.0348 
.0324 

Per  cent. 
+0.0007 

—  .0001 
.0000 

+  .0014 
+  .0056 

—  .0043 
+  .0044 
+  .0057 
-f  .0035 
+  .0058 
+  .0051 
+  .0042 

Per  cent. 

0.000036 
. 000114 
.000158 
.  000280 
.000157 

.  miss 

.000124 
.000197 
.  0(X)178 
.  000191 
.000048 
.000050 

Per  cent. 
0. 0561 
.0315 
.0348 
.0378 
.0342 
.0295 
.0433 
.0470 
.0295 
.0435 
.0319 
.0307 

Per  cent. 
0.0568 
.0322 
.0377 
.0384 
.0371 
.0330 
.0493 
.0493 
.0303 
•  .0479 
.0333 
.0301 

Per  cent. 
+0. 0007 
+  .0007 
+  .0029 
+  .0006 
+  .0029 
+  .0033 
+  .1X160 
+  .0023 
+  .0008 
-f  .0044 
+  .0014 
—  .0006 

Per  cent. 
0. 000032 
.000066 
. 000140 
.000265 
. 000213 
.000185 
.000124 
.000237 
.000133 
.000219 
.  0CKX>60 
.  000050 

Average,  all  plats. 

.0386 

.  0420 

+  .0034 

.000050 

.0375 

.0396 

^  .(X)21 

.000144 

Ninth  9  inches. 

Tenth  9  inches. 

Total  nitrogen. 

•'Nitric" 
nitro- 
gen. 

Total  nitrogen. 

•'  Nitric' 
nitro- 
gen. 

By  soda- 
lime. 

By  Kjel- 
dahl. 

Kjeldahl 

(  +  )or 
(— )  soda- 
lime. 

By  soda- 
lime. 

By  Kjel- 
dahl. 

Kjeldahl 
(  +  )  or 

C — )  soda- 
lime. 

Plat  5...  

Plat  6  

Plat  7   

Plat  8   

Average,  all  plats 

Per  cent. 
0. 0487 
.  0325 
.0302 
.0318 

Percent. 
.0.0566 
.  0325 
.0355 
.0318 

Per  cent. 
+0. 0079 

.0000 
+  .0053 

.0000 

Percent. 

0. 000029 
.  000082 
.000143 
.000204 

Per  cent. 
0. 0525 
.0311 
.0332 
.0265 

Per  cent. 
0.0571 
.0332 
.0332 
.0265 

Per  cent. 
+0. 0046 
+  .0021 
.0000 
.0000 

Percent. 
0. 000019 
.000072 
.000146 
. 000188 

.0358 

.0391 

+  .0033 

.000115 

.0358 

.0375 

+  .0017 

.  000106 
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Table  10. — Broadbalk  icheat  soils,  sampled  in  October.  1S93 — Percentages  o/ nitro- 
gen in  fine  dry  soil,  as  determined,  respectively,  by  the  soda-lime  method  and  by 
the  Kjeldahl  method:  cdso  the  percentages  of  "  nitric''  nitrogen  (nitrogen  existing 
in  the  form  of  nitrates). 

[Summary  of  preceding  results  in  Table  9— averages  of  all  plats  sampled  at  each  depth.] 


Depth. 

"NT 

ber^f 
plats. 

Total  nitrogen. 

By  soda-  By  Kjel- 
lime.  dahl. 

XVJ  t3i(-lclJJ.J 

V    /  oi  V — ; 
soda-lime. 

Nitric  " 
nitrogen. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

First  9  inches  (excluding  2a  and  2b)  

19 

0. 1098 

0.1119 

+0. 0051 

0.000501 

First  9  inchest  all  plats)  

21 

.1167 

1222 

+  .0055 

.  000520 

Second  9  inches  

21 

.0728 

'0784 

+  .0056 

.000931 

Third  9  inches   

21 

.0613 

.0666 

+  .0053 

. 000356 

Fourth  9  inches  

12 

.0474 

.0511 

+  .0037 

.000223 

Fifth  9  inches  

12 

.0137 

.0172 

+  .0035 

. 000171 

Sixth  9  inches  :   

12 

.0392 

.0130 

+  .0038 

.000144 

12 

.0386 

.0120 

-f-  .0031 

. 000113 

Eighth  9  inches   

12 

.0375 

.0396 

4-  .0021 

. 000144 

Ninth  9  inches.  

1 

.0358 

.0391 

+  .0033 

.  OO-OllS 

Tenth  9  inches   

1 

.0358 

.0375 

+  .0017 

.000106 

It  will  be  seen  that  in  almost  every  individual  instance,  and  always 
in  the  case  of  the  average  results  for  each  depth  of  soil,  the  Kjeldahl 
method  gives  a  higher  percentage  of  nitrogen  than  the  soda-lime 
method.  The  actual  difference  is  greater  in  the  case  of  the  higher 
than  of  the  lower  depths.  Reckoned,  however,  in  percentage  on  the 
total  nitrogen  obtained,  the  deficiency  by  the  soda-lime  method  is  on 
the  average  considerably  less  in  the  case  of  the  samples  of  the  first 
depth  (which,  as  will  be  seen  hereafter,  contain  not  only  more  nitro- 
gen, but  also  more  carbon,  and  a  higher  ratio  of  carbon  to  nitrogen) 
than  in  the  lower  or  subsoil  depths.  But,  with  some  marked  excep- 
tions, the  relative  deficiency  of  the  soda-lime  method,  though  higher 
in  the  subsoils  than  in  the  surface  soils,  is  on  the  average  fairly  uni- 
form from  depth  to  depth,  and  averages  between  7  and  8  per  cent  of 
the  total  nitrogen.  A  comparison  of  the  column  of  the  summary 
table  (Table  10),  showing  the  greater  amount  of  nitrogen  found  by 
the  Kjeldahl  method,  with  the  column  showing  the  nitrogen  existing 
as  nitrates,  will  show  that  the  higher  results  can  not  be  accounted 
for  by  more  complete  determination  of  the  nitric  nitrogen  by  the 
Kjeldahl  method;  nor  do  the  figures  showing  the  relation  of  carbon 
to  nitrogen  (to  be  hereafter  given)  indicate  any  deficiency  of  carbon 
for  the  decomposition  of  the  organic  nitrogenous  compounds  by  tlie 
soda-lime.  The  conclusion  is  rather  that  the  action  of  the  liquid  acid 
in  breaking  up  the  organic  nitrogenous  compounds,  in  order  to  con- 
vert the  nitrogen  into  ammonia,  in  the  Kjeldahl  process,  is  more  com- 
plete than  is  the  action  of  dry  heat  on  the  mixture  of  soda-lime  and  soil. 

On  the  whole  it  appears  that  the  Kjeldahl  results  should  be  adopted 
as  most  correctly  indicating  the  actual  nitrogen  in  the  1893  samples — 
though  the  soda-lime  results  will  be  more  properly  taken  in  any  compari- 
son which  it  is  desired  to  draw  between  these  and  the  1865  or  1881 
samples.  For  the  present,  therefore,  we  will  direct  our  attention  to 
the  nitrogen  figures  as  obtained  by  the  Kjeldahl  method. 
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The  following  tables  (Tables  11  and  12)  show,  both  in  i:)ercentages 
(l3arts  per  million  in  the  case  of  the  nitrogen  in  nitrates)  and  as 
ponnds  per  acre,  for  each  x)lat  and  for  every  depth  of  soil  examined, 
the  total  nitrogen,  the  nitrogen  as  nitrates,  and  the  organic  carbon, 
together  with  the  ratio  of  carbon  to  1  nitrogen  and  of  nitrogen  to  100 
carbon.  For  many  purposes  it  is  convenient  to  have  all  of  these 
expressed  side  by  side.  For  the  consideration  and  comparison,  how- 
ever, of  the  quantities  of  each  single  constituent,  it  is  more  convenient 
to  have  the  nitrogen  and  carbon  results  tabulated  separatel}^,  in  such 
a  wa}^  as  to  show  in  one  line  the  quantities  present  in  each  successive 
depth  of  each  plat.  Tables  13,  14,  15,  and  16  exhibit  the  total  nitro- 
gen and  organic  carbon  contents  of  the  soils  and  subsoils  in  this 
separate  form : 

Table  11. — Broadhalk  wheat  soils,  sampled  in  October,  Nitrogen  and  car- 

bon in  fine  dry  soil,  expressed  as  pjercentages  and  as  pounds  per  acre,  also 
ratio  of  carbon  to  nitrogen  and  of  nitrogen  to  carbon. 

FIRST  9  INCHES. 


Nitro- 

Nitro- 

Per  acre. 

Ratio  of — 

gen  per 
acre 
in 
ma- 
nure. 

Total 
nitro- 

gen  as 

ni- 
trates 
per 
mil- 
lion. 

Car- 
bon. 

Total 
nitro- 
gen. 

Nitro- 
gen as 

ni- 
trates. 

Car- 
bon. 

Car- 
bon 
to  1 
nitro- 
gen. 

Nitro- 
gen to 
lUO 
car- 
bon. 

Lbs. 

Per  cf. 

Parts. 

Per  ct. 

Lbs. 

Lbs. 

Lbs. 

200 

0. 1628 

9.43 

1.582 

4,087 

23. 67 

39, 711 

9.7 

10.3 

200 
0 

.2207 
.0992 

4. 51 
3.72 

2.230 
.888 

5, 151 
2,572 

10. 53 
9.64 

52, 046 
23,022 

10.1 
9.0 

9.9 
1L3 

0 

0 

.0982 
.  1013 

3.07 
4.06 

.909 
.931 

2,546 
2. 626 

( .  96 
10.53 

23, obi 
24,137 

9. 0 
9.2 

10. 8 
10.9 

43 

.  ho: 

5. 45 

1.019 

2.870 

11. 13 

26,419 

9.2 

10.9 

86 

.1222 

5.  77 

1.101 

3.168 

14.96 

28,545 

9.0 

11.1 

129 

.1188 

6. 71 

1.138 

3,080 

17.40 

29,504 

9.6 

10.4 

43 
43 

.1189 
.1094 

6.41 
4.28 

L162 
1.008 

3,083 
2,836 

16.62 
11.10 

30, 126 
26, 134 

9.8 
9.2 

10.2 
10.9 

86 

.1069 

4.83 

1.049 

2, 772 

12.  52 

27. 197 

9.8 

10.2 

86 

.3064 

3.64 

.969 

2,759 

9.44 

25, 122 

9.1 

ILO 

86 

.1131 

4.50 

1.107 

2,932 

11.67 

28,700 

9.8 

10.2 

86 

.1194 

5.46 

L123 

3, 096 

14. 16 

29,115 

9.4 

10.6 

86 

.1162 

5. 37 

1.165 

3,013 

13.92 

30,204 

10.0 

10.0 

86 

.1250 

5. 16 

1.137 

3,241 

13.38 

29,478 

9.1 

ILO 

86 

.1234 

3. 86 

1.170 

3, 199 

10. 01 

30,334 

9.5 

10.5 

86 

.1177 

5.24 

i.oa5 

3,052 

13.59 

27,611 

9.0 

ILl 

1  86 

r  .1174 
t  .1232 

4.70 
4.49 

1.094 
1.146 

3,044 
3,194 

12.19 
11.64 

28,363 
29;  711 

9.3 
9.3 

10.7 
10.8 

i  93 

.1348 

8.5^5 

1.257 

3,478 

22.06 

32,430 

9.3 

10.7 

.1149 

5.01 

1.076 

2,  977 

13.00 

27.880 

9.4 

10.7 

.1222 

5.20 

1.155 

3,133 

13.38 

29, 594 

9.5 

10.6 

Plat. 


Annual  manuring. 


8 

9a 

9b 
10a 

10b 

11 

12 

13 

14 

15 

16 


Farmyard  manure 
since  1^^84   

Farmj'ard  manure, 
50  years  

tJnmanured   

Unmanured  since 
1852    

Full  minerals  

Full  minerals  and 
ammonium  salts. 

Full  minerals  and 
ammonium  salts, 

Full  minerals  and 
ammonium  salts. 

Full  minerals  and 
sodium  nitrate  

Sodium  nitrate  only. 

Ammonium  salts  (  no 
minerals  since  "44). 

Ammonium  salts  (no 
minerals  since  "50). 

Phosphates  and  am- 
monium salts  

Phosphates,  sodium, 
and  ammonium 
salts  

Phosphates,  potassi- 
um, and  ammo- 
nium salts  

Phos})hates,  magne- 
sium, and  ammo- 
nium salts .  

Full  minerals  and 
ammonium  salts 
(autumn)   

Full  minerals  and 
sodium  nitrate 
since  1884   

[Full   minerals  and 

I    ammonium  s  a  1  ts 

1    transposed   in  al- 

[  ternate  years. 

Rape  cake  

Average  (exclud- 
:  ing  2a  and  2b )  . . . 
j     Average  (  all  plats) 
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Table  11. — Broadbalk  iclieat  soils,  etc. — Continued. 
SECOND  9  INCHES. 


Annual  mamiring. 


Average  (all  plats V 


Nitro- 

Nitro- 

Per acre. 

Ratio  of — 

gen  per 
acre 
in 
ma- 
nure. 

Total 
nitro- 
gen. 

gen  as 

ni- 
trates 
per 
mil- 
lion. 

Car- 
bon. 

Total 
nitro- 
gen. 

Nitro- 
gen as 

ni- 
trates. 

Car- 
bon. 

Car- 
to^l^ 
ft 

N"1- 
gen  to 
100 

■ 

Lbs. 

Per  ct. 

Parts. 

Per  ct. 

Lbs. 

Lbs. 

Lbs. 

200 

0. 0811 

8.48 

0.645 

2, 166 

22.65 

17,230 

7.9 

12.6 

200 

.  0767 

16.98 

.748 

2,049 

45.36 

19,981 

9.7 

10.2 

0 

.0730 

3.45 

.565 

1,950 

9.22 

15, 093 

7. 7 

12.9 

0 

.0783 

2.63 

.600 

2,092 

7.03 

16, 028 

13.0 

0 

.  0739 

2.38 

.587 

1,974 

6.36 

15, 681 

7^9 

12.6 

43 

.0720 

4. 77 

.583 

1,923 

12.74 

15. 574 

8.1 

12.3 

86 

.0681 

7. 19 

.530 

1,819 

19.21 

14, 158 

7.8 

12.8 

129 

.  0752 

10. 92 

.608 

2,009 

29. 17 

16, 242 

8.1 

12.4 

43 

.0849 

7. 20 

.6.51 

2,268 

19.23 

17, 390 

13.0 

43 

.0799 

13.05 

.640 

2. 134 

34. 86 

It ,  uyo 

0.  u 

1~.  0 

86 

.0817 

9.52 

.668 

2, 182 

25.43 

17, 844 

8.2 

12.2 

86 

0820 

10  88 

656 

2, 190 

29.06 

ir,524 

8.0 

12.5 

86 

!0812 

9^20 

.  643 

2.169 

24.58 

17, 177 

7.9 

12.6 

86 

.0840 

9.54 

.643 

2.244 

25.48 

17, 177 

7.6 

13.1 

86 

.0757 

9. 79 

.  630 

2,022 

26.15 

16, 829 

8.3 

12.0 

86 

.0804 

11.60 

.629 

2, 148 

30. 99 

ID, OUo 

< .  0 

!•>  ft 

86 

.0842 

7.00 

.727 

2,249 

18. 70 

19, 421 

8.6 

11.6 

86 

.0783 

15.94 

.682 

2, 092 

42. 58 

18, 218 

8.  7 

11. 5 

/  .0777 

10. 37 

.650 

2, 076 

27. 70 

17, 364 

8. 4 

11. 9 

86 

\  .0793 

15. 53 

.630 

2, 118 

41. 49 

16, 829 

7. 9 

12. 6 

93 

.0794 

9.12 

.719 

2, 121 

24. 36 

19, 307 

9.1 

11. 0 

.  0784 

9.31 

.640 

2, 09o 

24. 87 

1 i , 09o 

b.  2 

12.  ^ 

THIRD  9  INCHES. 

200 

0.0660 

3.68 

0.515 

1,842 

10. 27 

14,376 

7.8 

12.8 

200 

.0656 

4.39 

.492 

1,831 

12.25 

13,734 

7.5 

13.3 

0 

.0651 

.98 

.483 

1,817 

2. 74 

13,483 

7.4 

13.5 

0 

.0644 

.76 

.463 

1,798 

2.12 

12, 925 

7  2 

13.9 

0 

.0645 

.80 

.446 

1,801 

2.23 

12, 450 

6^9 

14.5 

43 

.0628 

2.08 

.429 

1,753 

5.81 

li;  976 

6.8 

14.6 

86 

.0583 

3.06 

.426 

1,627 

8.54 

11 ; 892 

7.3 

13.7 

129 

.0630 

3. 12 

.443 

1,759 

8.71 

12:366 

7.0 

14.2 

43 

.0696 

2.40 

.5a5 

1,943 

6.70 

14, 935 

13.0 

43 

.0690 

5.58 

.524 

1. 926 

1.5. 58 

1  i  tKOT 
ii,  D(5i 

7  6 

13  2 

86 

.0706 

4.03 

.526 

1,971 

11.25 

14,683 

7  4 

13  4 

86 

.0696 

.  5.01 

.524 

1,943 

13. 99 

14, 627 

7.' 5 

13.3 

86 

.0672 

5.33 

.492 

1. 876 

14. 88 

13,734 

7.3 

13. 7 

86 

.0733 

4.35 

.526 

2,046 

12.14 

14,683 

7  2 

13.9 

86 

.  0650 

3.38 

.477 

1,814 

9.44 

13, 315 

7^3 

13.6 

86 

.0650 

4.22 

.502 

1,814 

11.78 

14, 013 

7.7 

12.9 

86 

.0693 

3. 77 

.535 

1,935 

10.52 

14,935 

7. 7 

12.9 

86 

.0655 

7.44 

.438 

1.828 

20.77 

12: 227 

6. 7 

14.9 

r  .0671 

3.06 

.492 

1,873 

8.54 

13, 734 

7.3 

13.6 

86 

t  .0663 

2.29 

.478 

1,851 

6.39 

13. 343 

7  2 

13.9 

93 

.  0719 

5.08 

..587 

2,007 

14.18 

16, 386 

8!  2 

12.2 

.0666 

3.56 

.492 

1.860 

9.94 

13, 735 

7.4 

13.5 

Average  (all  plats  > 


FOURTH  9  INCHES. 


5 

0 

0. 0524 

0.34 

0.310 

1,459 

0.95 

8,629 

5.9 

16.9 

6 

43 

.0469 

1.07 

.263 

1,305 

2.98 

7,321 

5.6 

17.8 

7 

86 

.0166 

1.91 

.343 

1,297 

5.32 

9, 547 

7.4 

13.6 

8 

129 

.0.546 

3. 13 

.409 

1,520 

8.71 

11,384 

7.5 

13.3 

11 

86 
86 

.0585 

4. 19 

.371 

1,628 

11.66 

10.327 

6.3 

15.8 

12 

.0634 

2.68 

.413 

1, 765 

7.46 

11,496 

6.5 

15.3 

13 

86 

.0528 

1.68 

.414 

1,470 

4.68 

11,524 

7.8 

12.7 

U 

86 

.0441 

2.46 

.329 

1,228 

6.85 

9,158 

7.5 

13.4 

15  i  

86 

.0441 

2.34 

.269 

1,228 

6.51 

7,488 

6.1 

16.4 

Ifi     

86 

.0521 

4. 68 

.329 

1,450 

13.03 

9,158 

6.3 

15.8 

17 
18 

}  

86 

/  .0497 
I  .0481 

1.03 
1.21 

.307 
.315 

1,383 
1.339 

2.87 
3. 37 

8.545 

8,768 

6.2 
6.5 

16.2 
15.3 

Average  (all  plats)  . 

.  0511 



2.23 

.339 

1,42:3 

6.40 

9,445 

6.6 

15.1 
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Table  11. -r— Br oadhalk  iclieat  soils,  etc. — Continued. 
FIFTH  9  INCHES. 


Plat.     Annual  manuring. 


11 

12 
13 
U 

15  !- 

16  I- 

11} 


Average  (all  plats )   .  0472 


Nitro-  { 
gen  per  ^ 
acre 


Xitro- 
gen  as 


Per  acre. 


Ratio  of- 


ma- 
nure. 


Lbs. 
0 
43 
86 
129 


nitro-  I  trates 
gen.  per 
mil- 
lion. 


Per  ct. 

0.0442 
.0497 
.0468 
.0497 
.0491 
.0493 
.0517 
.0444 
.0458 
.0543 

f  .0449 

i  .0360 


Car- 
bon. 


Parts. 
0.35 
1.21 
1.62 
2.97 
3.00 
2.04 
1.23 
2.13 
1.89 
2. 73 
.64 
1.02 


Total 
nitro- 
gen. 


Nitro- 
gen as  {  Car- 
ni-  bon. 
trates. 


Per  ct. 
0.229  i 
.250  ; 
.271 
.312 
.304  i 
.305 
.332  j 
.278 
.237  i 
.302  i 
.282 
.255 


Lbs. 
1,267 
1,424 
1,341 
1,424 
1.407 
1,413 
1,481 
1,272 
1,312 
1,556 
1,287 

i.a32 


1.74 


i,a5i 


Lbs.  I 
].00 

3.47  I 

4.64 

8. 51 

8. 60 

5.85 

3.52 

6.10 

5.42 

7.82 

1.83  i 

2.92  \ 


Lbs. 
6,562 
7,164 
7,766 
8,941 
8.711 
8,740 
9.514 
7,966 
6, 791 
8,654 
8,081 


Car-  Nitro- 
bon  gen  to 
to  1  100 
nitro-  car- 
gen,  bon. 


4.97  8.106 


5.0 

5.8 

6.3 

6.2 

6.2 

6.4 

6.3 

5.2  I 

5.6  i 

6.3 

7.1 


19.3 
19.9 
17.3 
15.9 
16.1 
16.2 
15.6 
16.0 
19.3 
18.0 
15.9 
14.1 


16.  £ 


SIXTH  9  INCHES. 


5 

0 

0.0569 

0. 25 

0.267 

1,614 

0.71 

7. 574 

4.7 

21.3 

6 

43 

.0463 

1.31 

.244 

1,313 

3.72 

6.922 

5.3 

19.0 

86 

.0348 

1.55 

.203 

987 

4.40 

5. 759 

5.8 

17.1 

8 

129 

.0409 

2.63 

.240 

1,160 

7.46 

6.809 

5.9 

17.0 

11 

86 

.0404 

1.77 

.278 

1,146 

5.02 

7.887 

6.9 

14.5 

12 

86 

.0477 

1.78 

.298 

1.353 

5.05 

8.454 

6.2 

16.0 

13 

86 

.0467 

1.34 

.289 

1,325 

3.80 

8.199 

6.2 

16.2 

14 

86 

.0438 

1.90 

.236 

1,243 

5.39 

6;  695 

5.4 

18.6 

15 

86 

.0333 

1.52 

.197 

945 

4.31 

5,589 

5.9 

16.9 

16 

86 

.0442 

2.10 

.294 

1,254 

5.96 

8,340 

6.6 

15  0 

17 

J  .0413 

.61 

.283 

1,172 

1.73 

8.028 

6.8 

14.6 

18 

}  - 

86 

I  .0397 

.58 

.240 

1,126 

1.65 

6:809 

6.0 

16.5 

Average  (all  plats'*. 

.0430 

1.44 

.256 

1,2,0 

.10 

7 . 255 

5.9 

16.8 

SEVENTH  9  INCHES. 


0 

0.0591 

0.36 

0.269 

1,686 
1.141 

1.03 

7.  673 

4.5 

22.0 

43  ! 
86  ; 

.0400 

1.14 

.207 

3.25 

5. 905 

5.2 

19.3 

.0416 

1.58 

.264 

1.187 

4.51 

7.  .5.31 

6.3 

1.5.8 

129  ! 

.0442 
.0366 

2.80 

.249 

1.261 

7.99 

7. 103 

5.6 

17.7 

86 

1.57 

.246 

1.044 

i.iS 

7.017 

6.  7 

14.9 

86 

.0423 

1.88 

.279 

1.207 

5. 36 

7.  959 

6.6 

15.2 

86 

.0471 

1.24 

297 

1.344 

3.  .54 

8.472 

6.3 

1.5.9 

86 

.04.54 

1.97 

.  233 

1.295 

5.62 

6.  647 

5.1 

19.5 

86 

.0353 

1.78 

.214 

1.007 

5.08 

6.105 

6.1 

16.5 

86  ' 

.0454 

1.91 

.270 

1.295 

5.45 

7,702 

5.9 

16.8 

}  -- 

86 

f  .0348 
I  .0324 

.48 
.50 

.220 
.223 

993 
924 

1.37 
1.43 

6.276 
6.361 

6.3 
6.9 

15.8 
14.5 

Average  (all  plats  i  _ 

.0420 

1.43 

.248 

1.199 

4.09 

7.063 

5.9 

16.9 

EIGHTH  9  INCHES. 


5 
6 

0 

0.0568 

0.32 

0.238 

1.629 

0.92 

6,827 

.2 

23.9 

43 

.0322 

.66 

.192 

924 

1.89 

5.507 

6.0 

16.8 

86 

.0377 

1.40 

.176 

1,081 

4.02 

5.048 

4.7 

21.4 

8 

129 

.0384 

2.a5 

.228 

1,101 

7.60 

6.540 

5.9 

16.8 

86 

.0371 

2. 13 

.228 

1,064 

6.11 

6.540 

6.1 

16.3 

\l 

86 

.0330 

1.85 

.257 

947 

5.31 

7.8 

12.8 

13 

86 

.0493 

1.24 

.255 

1,414 

3.56 

7.  .314 

.5.2 

19.3 

14 

86 

.0493 

2.37 

.244 

1,414 

6. 80 

6.999 

4.9 

20.2 

15 

86 

.  0303 

1.33 

.186 

869 

3. 81 

.5.335 

6.1 

16.3 

16 

86 

.0479 

2. 19 

.244 

1,374 

6.28 

6.999 

5.1 

19.6 

17 

r  .0333 

.60 

.160 

955 

1.72 

4. 589 

4.8 

20.8 

18 

}- 

86 

t  .0301 

.50 

.171 

863 

1.43 

4. 905 

5. 7 

17.6 

Average  (all  plats) . 

.0396 

1.44 

.215 

1,136 

.1. 

6. 165 

5.4 

18.4 
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Table  11. — Broadbalk  u'heat  soils,  etc, — Continued. 

NINTH  9  INCHES. 


Plat. 

Annual  manuring. 

Nitro- 
gen per 

acre 
in 

ma- 
nure. 

Total 
nitro- 
gen. 

Nitro- 
gen as 

ni- 
trates 
per 
mil- 
lion. 

Car- 
bon. 

Per  acre. 

Ratio  of — 

Total 
gem 

Nitro- 
gen as 

ni- 
trates. 

Car- 
bon. 

Car- 
bon 
to  1 
nitro- 
gen. 

Nitro- 
gen to 
100 
car- 
bon. 

5 
6 
7 
8 

Average  ( all  plats) . 

Lbs. 

0 

43 
86 
129 

Per  ct. 

0. 0566 
.0325 
.0355 
.0318 

Parts. 
0.29 
.82 
1.13 
2.01 

Per  ct. 
0. 225 
.189 
.167 
.174 

Lbs. 
1.700 

976 
1.066 
955 

Lbs. 
0. 87 
2.46 
4.29 
6.13 

Lbs. 
6,758 
5. 677 

5.  016 
5. 226 

5.669 

4.0 

5.8 
4.7 
5.  5 

25.1 
17.2 
21.3 
18.3 

.  0391 

1.15 

.189 

1.174 

3.44 

4.8 

20.7 

TENTH  9  INCHES. 


5 

0 

0. 0571 

0. 19 

0. 258 

1. 714 

0.57 

7,745 

4.5 

22.1 

6 

43 

.0332 

72 

.183 

997 

2.16 

5. 493 

5.  5 

18.1 

7 

86 

.0332 

1.46 

.175 

997 

4.38 

5. 253 

5.3 

19.0 

8 

129 

.0265 

1.88 

.135 

795 

5.64 

4.  052 

5.1 

19.6 

Average  (all  plats V 

.0375 

1.06 

.188 

1.126 

3.19 

5, 636 

5.0 

20.0 

Table  12. — Broadbalk  wheat  soils  sampled  in  October,  icS'^J— Nitrogen  and  car- 
bon in  fine,dn/  soil  as  pounds  per  acre  {results  condensed  and  summarized  from 
the  extended  fable  11). 

FIRST.  SECOND,  AND  THIRD  DEPTHS  (27  INCHES). 


Plat. 


Annual  manuring. 


Per  acre. 


Nitro- 
gen an- 
nually in 
manure. 


Total      Nitro-  ' 
nitro-      gen  as  Carbon, 
gen.  nitrates. 


9b 
10a 
10b 
11 
12 
13 
14 
15 
16 
17 
18 
19 


Farmyard  manure  since  1884  

Farmyard  manure  50  years   

Unmanured  .   , 

Unmanured  since  1S52  

Full  m-inerals-    

Full  minerals  and  ammonium  salts  

 do      -  

 do    

Full  minerals  and  sodium  nitrate  

Sodium  nitrate  only  -  

Ammonium  salts  >  no  minerals  since  1S44)  

Ammonium  salts  i  no  minerals  since  1850)  

,  Phosphates  and  ammonium  salts  

j  Phosphates, sodium,  and  ammonium  salts.  

I  Phosphates,  potassium,  and  ammonium  salts  

:  Phosphates,  magnesium,  and  ammonium  salts  

Full  minerals  and  ammonium  salts  (autumn  )  

Full  minerals  and  sodium  nitrate.  

IFull  minerals  and  ammonium  salts,  transposed 
/   in  alternate  years. 

Rape  cake    


Pounds. 
200 
200 
0 
0 
0 
43 
86 
129 
4^3 
43 


86 


Pounds. 
8, 095 

9,  a3i 

6,339 
6,436 
6,401 
6, 546 
6:614 
6,848 
7,294 
6.896 
6, 925 
6.892 
6,977 
7,386 
6.849 
7,203 
7,383 
6,972 
f  6.993 
1  7, 163 
7.606 


Pounds. 
56.59 
68.14 
21.60 
17. 11 
19.12 
32.68 
42.  71 
55. 28 
42.55 
61.54 
49.20 
52.  49 
51  13 
51.78 
49.51 
56. 15  , 
39. 23  1 
76.94 
48.43 
59.52 
60.60 
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Table  12. — Broadbalk  ivheat  soils,  etc. — Continued. 
FIRST  TO  EIGHTH  DEPTHS  (72  INCHES). 


Annwal  manuring. 


Nitro- 
gen an- 
nually in 
manure. 


Per  acre. 


Total 
nitro- 
gen. 


Nitro- 
gen as  Carbon, 
nitrates. 


Pounds. 
0 
43 


129 
86 
86 


Pounds. 
14, 056 
12,653 
12, 507 
13, 314 
13, 266 
14, 071 
13, 883 
13, 655 
12,744 
13, 901 
f  12,783 
I  12,447 


Pounds. 
23.73 
47.99 
65. 60 
95. 55 
87.00 
80. 81 
68.61 
86.91 
6i.36 
115. 48 
57.95 
70.32 


FIRST  TO  TENTH  DEPTHS  (90  INCHES). 


129 


17,470 
14, 626 
14,570 
15,064 


25.17 
52.61 
74. 27 
107.32 
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INVESTIGATIONS  ON  ROTHAMSTED  SOILS. 


TOTAL  NITROGEN  IN  UNMANURED  AND  IN  CONTINUOUSLY 
DUNGED  PLATS. 

The  two  plats  which  seem  naturally  to  claim  oiir  first  attention  are 
the  plats  which  for  fifty  years  have  been  the  most  diverse  in  their 
treatment,  namely,  the  continuously  cropped  but  wholly  unmanured 
plat  (No.  3),  with  its  almost  unmanured  companion  (No.  4)  on  the 
one  hand,  and  on  the  other  hand  plat  2b,  which  in  the  course  of  the 
fifty  years  ended  in  1893  had  received  no  less  than  700  tons  of  dung, 
estimated  to  have  supplied  200  pounds  per  annum,  or  in  all  10,000 
pounds,  of  nitrogen,  the  greater  part  of  which  would  originally  exist 
in  an  organic  condition,  and  we  naturally  look  at  once  to  see  how 
their  nitrogen  contents  compare.  Glancing  down  the  columns  of 
Table  13  we  find,  as  we  should  expect,  that,  as  regards  nitrogen,  they 
are  respectively  the  x)oorest  and  the  richest  of  the  plats. 

We  find  as  follows : 

Table  IT. — Broadhalk  ivheat  soils  {1893) ,  plats  3,  4,  and  2h, 


Nitr 
Per  cent. 

Dgen. 

Pounds 
per  acre. 

Plat  3,  continuously  unmanured  (first  9  inches  only)  

Plat  4,  unmanured  since  1852  (first  9  inches  only)   

Plat  2b,  U  tons  farmyard  manure  per  annum  (first  9  inches  only)  

0.0992 
.0982 
.2207 

2,572 
2,546 
5, 151 

Plats  3  and  4,  then,  have  less  than  0.1  per  cent  of  organic  nitrogen, 
while  plat  2b  has  over  0.22  per  cent. 

Allowing  for  the  differences  of  lightness  in  the  soils  (see  previous 
discussion),  the  permanently  dunged  surface  soil  contains  as  nearl}^ 
as  possible  twice  as  much  organic  nitrogen  as  the  unmanured  soil,  the 
excess  in  round  numbers  being  about  2,500  pounds  per  acre. 

The  manured  plat  has  yielded  in  its  crops  in  fift}^  years  something 
like  1,600  pounds  more  of  nitrogen  per  acre  than  the  unmanured  plat. 
Of  the  total  10,000  pounds  of  nitrogen  estimated  to  have  been  supplied, 
then,  we  find  (in  rough,  round  numbers)  that  1,600  pounds  have  been 
recovered  in  the  increased  crops,  and  that  about  2,500  pounds  are 
found  in  the  surface  soil,  leaving  5,900  (or,  in  round  numbers,  6,000) 
pounds  to  be  accounted  for  otherwise. 

In  the  second  9  inches  we  find : 

Table  18. — Broadhalk  wheat  soils  (1893),  plats  3,  4,  and  2h  {second  9  inches). 


Nitrogen. 


Plat  3,  continuously  unmanured  (second  9  inches)  

Plat  4,  unmanured  since  1852  (second  9  inches)  

Plat  2b,  14  tons  farmyard  manure  per  annum  (second  9  inches) 
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Obviousl}^  there  is  no  such  difference  here  as  to  account  satisfac- 
torily for  the  disappearance ;  indeed,  the  subsoil  of  one  of  the  unma- 
nured  plats  is  actually  richer  than  that  of  the  manured  plat,  and  if 
we  travel  into  the  third  depth  we  find  that  all  three  are  practically 
alike. 

Although  formidable  difficulties  are  placed  in  the  way  of  quauti- 
tative  acreage  deductions  from  the  subsoil  analyses,  owing  to  the 
natural  irregularities  of  the  subsoil  to  which  I  have  already  alluded, 
we  are  nevertheless  able  at  once  to  draw  from  the  figures  a  rough 
deduction  that  the  organic  matter  supplied  to  the  land  in  the  form  of 
farmj^ard  dung,  even  if  some  of  it  becomes  bodily  transferred  to 
the  subsoil  by  the  agenc}^  of  worms  or  insects  or  by  any  other  means, 
does  not  materially  affect  the  permanent  nitrogen  contents  of  the 
subsoil.  There  seems,  from  the  carbon  results,  to  be  some  evidence 
of  increase  of  organic  matter  in  the  upper  subsoil  beyond  what  is 
probably  attributable  to  root  residue  ;  but,  if  this  is  so,  it  is  organic 
matter  so  far  decomposed  that  its  nitrogen  does  not  seem  to  have 
been  conserved. 

THE  TWO  DUNGED  PLATS  (2a  AND  2b). 

As  a  further  illustration  of  this  we  may  compare  the  soils  and  sub- 
soils of  plats  2a  and  2b,  the  former  of  which  had  been  dunged  for  only 
nine  years  and  the  latter  for  fifty  years,  the  nitrogen  supply  in  the 
former  case  being  estimated  at  1,800  pounds  only  and  in  the  latter 
case  at  10,000  pounds. 

Table  19. — Broadhalk  wheat  soils  {1893) ,  plats  2a  and  2h. 


Plat  2a,  dunged  nine  years: 

First  9  inches  

Second  9  inches  

Third  9  inches  

Plat  2b,  dunged  fifty  years: 

First  9  inches.  

Second  9  inches  

Third  9  inches  


It  is  clear,  therefore,  that,  in  spite  of  the  notable  surface  accumula- 
tion, but  little  of  the  large  quantities  of  nitrogen  supplied  in  dung 
and  not  returned  in  crops  is  to  be  found  in  the  subsoil.  The  greater 
part  of  it  has  disappeared,  either  as  nitrates  in  the  drainage,  or  per- 
haps, and  probably  largely,  by  fermentative  processes  yielding  free 
nitrogen.  -The  question  of  drainage  will  have  to  be  discussed  here- 
after; for  the  moment  we  are  only  concerned  with  the  converse  ques- 
tion of  accumulation. 


Nitrogen. 


Per  cent. 


0. 1628 
.0811 


.2207 
.0767 
.0656 


Pounds 
per  acre, 


4,087 
2,166 
1,842 

5,151 
2,049 
1,831 


Carbon. 


Per  cent.  i. 


1.582 
.645 
.515 


2.230 
.748 
.492 


Pounds 
per  acre. 


39, 711 
17,230 
14,376 

52,046 
19, 981 
13, 734 
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RAPE-CAKE  PLAT. 

Next  ill  order  to  the  dunged  plats  in  point  of  richness  in  total 
nitrogen  is  the  only  other  plat  of  the  series  which  has  been  persist- 
ently treated  with  organic  nitrogenous  manure,  viz,  plat  19,  which 
constantly  receives  rape  cake,  the  quantity  since  1883  being  from  16 
to  17  hundredweight  per  annum,  estimated  to  contain  93  pounds  of 
nitrogen  per  annum.  The  crops  yielded  b}'  this  plat  have  been 
inferior  to  those  of  most  of  the  chemically  manured  plats  receiving 
inorganic  nitrogen  (ammonium  salts  or  sodium  nitrate)  with  a  liberal 
supply  of  minerals.  But  there  has  been  accumulated  a  distinctly 
larger  quantity  of  organic  nitrogen ;  that  is  to  say,  there  is  in  the 
surface  soil  an  accumulation  of  nitrogen  clearly  due  to  the  organic 
matter  of  the  manure,  apart  from  that  due  to  crop  residues.  AYe  may 
compare  this  plat  with  plat  3  (wholly  unmanured),  and  with  the 
average  of  plats  7,  11,  12,  13,  11,  15,  and  16,  all  receiving  annually 
nearly  as  much  nitrogen  as  the  rape-cake  plat,  but  in  the  form  of 
ammonium  salts  or  sodium  nitrate,  and  also  receiving  phosphates 
with  or  without  various  alkaline  salts. 


Table  20. — Broadbalk  ivheat  soils,  1893 — Comparison  of  chemically  maimrecl  plats 

and  Rape-cake  plat. 

NITROGEN. 


Plat. 

Average  yield 
for  forty-two 
years. 

Per  cent. 

Pounds  per  acre. 

Wheat. 

straw. 

First 
9 

inches. 

Second 
9 

inches. 

Third 
9 

inches. 

First 
9 

inches. 

Second 
9 

inches. 

Third 

9 

inches. 

Bushels. 

ClL't. 

lOi 

0.0992 

0.0730 

0. 0651 

2,572 

1,950 

1,817 

Average  of  plats  7. 11, 13, 13,  U.  15, 

and  16.    Minerals  vrith  ammo- 

nium salts  \  or  sodium  nitrate) 

containing  86  pounds  nitrogen 

per  annum...  

29 

.1196 

.0788 

.0662 

3.100 

2,106 

1,848 

Plat  19,  rape  cake,  containing  93 

pounds  nitrogen  per  annum  .:. 

28 

2of 

.1348 

.0794 

.  0719 

3,478 

2.121 

2,007 

CARBON. 


Plat  3,  unmanured  

121 

lOf 

0.888 

0.565 

0.483 

23,022 

15,093 

13,483 

Average  of  plats  7, 11 . 12, 13, 14, 15, 

and  16.    Minerals  with  ammo- 

nium salts  ior  sodium  nitrate) 

containing  86  pounds  nitrogen 

per  annum  

29i 

29 

1.124 

.6il 

.485 

29,141 

17,112 

13,685 

Plat  19,  rape  cake,  containing  93 

pounds  nitrogen  per  annum  ... 

28 

25| 

1.257 

.719 

.587 

32,430 

19,307 

16,385 

As  more  organic  matter  has  been  formed  above  ground ,  as  grain  and 
straw,  in  the  average  of  the  plats  receiving  ammonium  salts,  we  may 
suppose  that  more  stubble  and  root  residue  has  on  the  average  been 
left  by  each  crop  than  on  the  rape-cake  plat.  The  much  larger  nitro- 
gen accumulation,  therefore,  in  the  surface  soil  of  the  rape-cake  plat 
must  be  attributed  to  the  direct  accumulation  of  nitrogenous  organic 
matter  from  the  rape  cake  itself.    Not  only  does  the  surface  soil  con- 
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tain  900  pounds  per  acre  of  nitrogen  more  than  the  unmanured  plat  3, 
but  it  contains  nearly  380  pounds  more  than  the  average  surface  soil 
of  the  seven  plats  cited.  In  the  second  9  inches,  although  plat  19  con- 
tains more  than  the  unmanured  plat,  there  is,  however,  practically  no 
difference  between  it  and  the  average  second  9  inches  of  the  seven 
j)lats.  In  the  third  depth  there  is  a  very  decided  difference,  the  rape- 
cake  plat  containing  more  than  the  others.  In  both  the  second  and 
third  depths  of  i3lat  19  there  is  a  much  larger  quantity  of  carbon  than 
in  the  average  corresponding  depth  of  the  seven  plats,  and  one  is 
inclined  to  draw  the  conclusion  that  the  organic  matter  of  the  rape 
cake,  including  some  of  its  nitrogenous  compounds  or  organic  bodies 
derived  from  them,  has  found  its  way  more  deeply  down  than  has  the 
organic  matter  of  the  dung.  But  not  too  much  stress  must  be  laid 
upon  this,  for  averages  are  apt  sometimes  to  lead  to  delusive  conclu- 
sions, and  a  study  of  the  subsoil  results  seems  to  show  a  gradation, 
though  not  a  uniform  one,  in  the  subsoils  in  the  nature  of  an  increase  of 
nitrogen  as  we  go  across  the  field,  the  subsoils  of  plats  2a  to  8  showing 
less  nitrogen  than  those  of  plats  9a  to  18 ;  and  the  increase  of  nitrogen  in 
the  third  depth  of  plat  19,  as  compared  with  even  its  neighbor,  plat  18, 
may  possibly  be  at  least  partly  due  to  natural  increase  in  this  roughly 
graduated  irregularity.  This  natural  irregularity  in  the  subsoils  is  no 
doubt  mainly  due  to  differences  in  the  proportion  of  nitrogen-bearing 
clay  and  of  fine  gravel  or  sand  ^ith  which  it  is  mixed. 

THE  CHEMICALLY  MANUBED  PLATS. 

PLAT  0  (mineral  MANURES  ONLY). 

We  may  now  turn  to  the  various  cliemicalh^  manured  i;)lats.  One 
of  them,  plat  5,  has  received  for  fift}^  years  a  full  supx^ly  of  minerals 
without  nitrogen  in  any  form  whatever.  As  compared  with  the  unma- 
nured plat  3,  it  has  x>roduced  a  uniformly  larger  crop  of  corn  and 
straw,  showing  an  average  increase  over  the  unmanured  x)lat,  over 
forty-two  3'ears,  of  2  bushels  of  wheat  and  1  hundredweight  of  straw. 
VTe  might  expect  it,  therefore,  to  be  x)oorer  in  nitrogen  than  the 
wholly  unmanured  j)lat,  but  this  is  not  the  case.  Indeed,  we  find  a 
slight  increase,  and  with  it  a  distinct  increase  in  organic  carbon,  as 
shown  in  Table  21. 


Table  21.— Broadbalk  irheat  soils,  1893— Plat  3  (unmanured)  and  plat  5  {mineral 

manures  only). 


Depth. 

Nitrogen. 

Carbon. 

Per  cent. 

Pounds 
per  acre. 

Per  cent. 

Pounds 
per  acre. 

Plat  3.  unmanured : 

Thirst  9  inches  

0.0992 
.0730 
.0651 

.1013 
.0739 
.0645 

2,572 
1,950 
1,817 

2,626 
1,974 
1,801 

0.888 
.565 
.483 

.931 
.587 
.446 

23,022 
15,093 
13,483 

24,137 
15.681 
12. 450 

Third  9  inches  - 

Plat  5.  minerals  only: 

Third  9  inches   

42  INTESriGATIONS  ON  EOTHAMSTED  SOILS. 

Notwitlistaiiding  the  annual  removal  in  crops  of  something  like  3 
pounds  more  of  nitrogen  per  acre  per  annum  for  the  last  forty  years 
(or  probably  nearly  5  pounds  per  annum,  if  we  include  in  the  average 
the  earlier  years  of  the  experiments),  the  surface  soil  of  plat  5  now 
contains  distinctly  moi'e  nitrogen,  and  no  diminution  is  indicated  in 
the  second  and  third  depths.  The  organic  carbon  is  also  greater  in 
the  surface  soil  of  x)lat  5  to  the  extent  of  over  1,100  pounds  per  acre, 
and  in  the  second  depth  to  the  extent  of  nearly  600  pounds  per  acre. 
The  difference  is  clearly  to  be  attributed  to  crop  residue,  and  the  fact 
that  plat  5  is  now  richer  in  nitrogen  than  plat  3  is  due  to  the  storing 
up  in  stubble  and  root  residue  of  a  portion  of  the  natural  soil  nitro- 
gen that  without  mineral  manure  to  aid  in  its  assimilation  Avould  have 
been  lost,  as  on  x)lat  3,  in  drainage. 

It  must  not,  even  for  a  moment,  however,  be  supposed  that  plat  5 
has  gained  nitrogen.  We  shall  see  hereafter,  on  comparison  of  the 
nitrogen  results  obtained  by  the  examination  of  samples  collected  in 
1865  and  1881,  that  the  soils  of  both  plats  are  steadily  losing  nitrogen; 
but  the  loss  on  plat  5,  owing  to  the  influence  of  the  mineral  manure, 
has  been  less  than  on  the  wholly  unmanured  plat. 

GENERAL  COMPARISON  OF  ALL  CHEMICALLY  MANURED  PLATS. 

We  may  next  pass  to  the  perhaps  more  practically  interesting  series 
of  plats  which,  although  they  receive  no  dung  or  other  form  of  organic 
nitrogen,  have  nevertheless  received  nitrogen  in  the  form  of  ammo- 
nium salts  or,  in  some  cases,  of  sodium  nitrate,  with  and  without  vari-j 
ous  additions  of  minerals.  I 

It  will  be  most  instructive  to  concentrate  our  attention  on  the  surl 
face  soil;  that  is  to  say,  on  the  first  9  inches.  The  results  of  the  subl 
soil  analyses  are  all  to  be  found  in  the  collective  tables,  where  they 
can  at  leisure  be  consulted  in  detail;  but  the  natural  irregularities 
already  several  times  referred  to  must  be  taken  into  account,  and  this 
renders  a  detailed  examination  of  the  subsoil  results  for  each  of  the 
many  plats-,  as  regards  organic  nitrogen  and  carbon,  too  large  a  task 
to  be  entered  upon  now. 

It  will  be  convenient  to  give  here,  for  the  plats  now  under  consid- 
eration, an  abstract  showing  briefly  the  mode  of  manuring,  the  aver- 
age yield  of  crops  for  forty-two  years,  and  the  quantities  of  nitrogen 
and  carbon  in  the  surface  soil  depths. 

The  average  annual  crops  are  expressed  in  pounds  and  are  the  sum 
of  the  average  annual  weight  of  grain  and  straw,  the  weight  of  grain 
being  calculated  with  reference  to  the  average  weight  per  bushel  for 
each  separate  plat,  as  recorded  in  the  official  ''Memoranda." 

For  a  reason  that  will  presently  be  seen,  the  plats  are  here  arranged 
in  the  order  of  the  annual  total  yield  of  grain  and  straw,  plats  3  and 
4  (unmanured)  and  plat  5,  already  referred  to,  being  included  for  pur- 
poses of  comparison.  m 
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Table  22. — Broadbalk  ivheat  soils,  i^S.i— Nitrogen  and  carbon  in  surface  soils 
of  various  plats,  arranged  in  order  of  their  average  total  yields  of  wheat  and 
strait'. 


Plat. 


Annual  manuring 


Total 
annual 
weight 
of  wheat 

and 
straw  (42 
years  av- 
erage). 

Nitrogen. 

Nitro- 
gen sup- 
plied an- 
nually in 
manure. 

Per  cent. 

Pounds 
I>er  acre. 

Organic 
carbon. 

Pounds. 
0 
0 
0 

Pounds. 
1.934 
2,008 
2,242 

0.0992 
.0982 
1013 

2, 572 
2.546 

tC, 

Per  cent. 
0. 888 
.909 
.931 

■ 

86 

Q  int 

O,  lUi 

.1069 

2, 772 

1. 049 

86 

3,501 

.1064 

2,759 

.969 

86 
43 

I       Q  78Q 

1094 

9  SQA 
^,  OOD 

1. 008 

43 

3,842 

.1107 

2,870 

1.019 

86 

3,988 

.1131 

2,932 

1.107 

86 

4, 824 

.1177 

3,052 

1.065 

86 

4,973 

.  1194 

3,096 

1.123 

86 

5,112 

.1250 

3,241 

1.137 

86 

5,158 

.1234 

3,199 

1.170 

86 

5,365 

.1162 

3,013 

1.165 

86 

5,629 

.1222 

3,168 

1.101 

86 
43 

1  6,366 

.1189 

3,083 

1.163 

129 

6,613 

.1188 

3,080 

1.138 

3  Unmanured  

4  Unmanured  since  1852  

5  Mineral  manures  only  

10a    Ammonium  salts  only  (400  pounds)  (no 

minerals  since  1844)  

10b    Ammonium  salts  only  (400  pounds)  (no 

minerals  since  1850;  

9b    Sodium  nitrate  only: 

Formerly  550  pounds,  containing  

Latterly  275  pounds,  containing  —  . 

6  Full  minerals  and  ammonium  salts  (200 

pounds,)  

11  .  Phosphates  and  ammonium  salts  (400 

pounds)    

16  Full  minerals  and  sodium  nitrate  (550 
pounds)  since  1884  (previously  unma- 
nured for  19  years)  -  

12  Phosphates,  sodium  and  ammonium  salts 

(400  pounds)  

14  Phosphates,  magnesium  and  ammonium 

salts  (400  pounds).  

15  Full  minerals  and  ammonium  salts  (400 

pounds )  [  applied  in  autumn )  

13  Phosphates,  potassium  and  ammonium 

salts)  (400  pounds)    

7  Full  minerals  and  ammonium  salts  (400 

pounds)  --    

9a    Full  minerals  and  sodium  nitrate: 

Formerly  550  pounds,  containing  

Latterly  275  pounds,  containing  

8  Full  minerals  and  ammonium  salts  (600 

pounds)  — 


Here,  then,  the  plats  are  arranged  in  the  order  of  their  annual  prod- 
uce in  wheat  and  straw.  With  but  few  exceptions,  it  will  be  seen 
that  the  percentage  of  nitrogen  and — over  a  large  part  of  the  table — 
of  carbon,  also,  in  the  surface  soil,  increases  as  the  XDroduce  has  been 
greater.  Thus,  in  round  numbers,  the  unmanured  plats,  giving  about 
2,000  i)ounds  of  annual  produce,  contain,  in  their  surface  soil,  under 
0.10  per  cent  of  nitrogen  (with  carbon  0.9  per  cent);  the  plat  with 
minerals  only  giving  2,242  pounds  of  produce,  just  over  0.10  per  cent 
of  nitrogen  (with  carbon  only  slightly  over  0.9  per  cent);  and  the 
plats  with  ammonium  salts  but  without  minerals  (save  for  some  early 
dressings  prior  to  1851),  averaging  3,300  pounds  of  produce,  contain 
0.106  per  cent  of  nitrogen  (with  nearly  1  per  cent  of  carbon).  The 
plat  with  sodium  nitrate  without  minerals  has  given  more  produce 
than  that  receiving  ammonium  salts,  although  latterly  the  nitrogen 
supplied  has  been  only  half  as  much.  Probably  the  sodium  nitrate 
has  been  a  better  solvent  for  the  minerals  of  the  soil  than  ammonium 
salts;  at  any  rate  the  produce  has  been  nearly  3,800  pounds,  and  the 
nitrogen  is  over  0.109  per  cent  (with  about  1.01  per  cent  of  carbon). 

Then  we  come  to  the  plats  getting  minerals  as  well  as  ammonium 
salts.    Plat  6  gets  full  minerals  (i.  e.,  superphosphate  and  potassium, 
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sodium  and  magnesium  salts),  with  only  43  pounds  of  nitrogen  as 
ammonium  salts.  This  crop  has  given  more  produce  than  that  receiv- 
ing twice  the  quantity  of  ammonium  salts  without  minerals,  viz, 
3,842  pounds.  Its  nitrogen  is  over  0.11  per  cent  (with  carbon  about 
1.02  per  cent). 

Then  follows  a  series  of  plats  all  getting  86  i)ounds  of  nitrogen  as 
ammonium  salts  (or  sodium  nitrate),  and  all  well  sux3i:)lied  with  phos- 
phates, Avith  or  without  additions  of  alkaline  salts.  Plat  11  gets, 
with  86  X30unds  of  nitrogen  as  ammonium  salts,  phosphates  only.  It 
shows  146  jDounds  more  of  annual  produce  per  acre  than  plat  6,  the 
next  above  it,  and  the  nitrogen  is  increased  to  0.113  per  cent  (with 
carbon  nearly  1.11  per  cent).  Plat  16  now  receives  86  pounds  only  of 
nitrogen  as  sodium  nitrate,  with  full  minerals.  Its  average  yield, 
however,  is  low,  because  this  average  includes  nineteen  years  in  which 
the  plat  was  not  manured.  Previously  to  this  period  it  was  heavily 
dressed  with  ammonium  salts,  and  in  1865  was  the  richest  in  nitrogen 
among  the  chemically  manured  plats;  but  during  the  long  interval 
between  1865  and  the  next  samj)ling  in  1881,  its  nitrogen  became  again 
reduced  nearly  to  the  level  of  that  of  plat  3.  Since  1884,  liowever,  it 
has  received  nearly  5  hundredweight  of  nitrate  of  soda,  containing 
86  pounds  of  nitrogen,  per  annum;  and,  after  ten  years  of  this  treat- 
ment, we  find  that,  in  1893,  although  it  does  not  take  quite  the  lead- 
ing place,  it  resumes  its  rank  among  the  plats  comx)aratively  rich  in 
nitrogen,  for  the  nitrogen  has  risen  to  nearly  0.118  per  cent  (the  car- 
bon being  1.06  per  cent).  Notwithstanding  the  period  of  starvation, 
the  average  annual  produce  all  through  has  been  4,824  pounds,  or  836 
pounds  higher  than  that  of  plat  11,  which  has  been  continuously  sup- 
plied with  ammonium  salts  and  phosphates.  This  difference  has,  no 
doubt,  been  due  largely  to  the  full  supply  of  minerals,  for  it  has 
received  a  full  supply  of  alkaline  salts  as  well  as  of  phosphates. 

Next  comes  a  series  of  seven  plats  averaging  about  5,600  pounds  of 
annual  produce,  and  averaging  rather  more  than  0.12  per  cent  of 
nitrogen  (with  carbon  over  1.14  x^er  cent).  In  this  series  the  percen- 
tages of  nitrogen  are  not  all  in  the  order  of  the  crop  produce.  But,  in 
the  whole  of  the  sixteen  plats  in  our  list,  only  four  break  the  sequence 
to  which  I  have  already  alluded,  viz,  that  the  greater  the  annual 
yield  of  cro]3S,  the  greater  is  the  percentage  of  nitrogen  found  in  the 
surface  soil.  The  plats  which  individually  br^ak  this  rule  or  sequence 
are  plats  13,  7,  9a,  and  8.  These  plats  have  all  given  large  yields, 
mainly  owing  to  the  influence  of  potassium  salts.  They  have  yielded 
in  their  crops  a  considerably  larger  quantity  of  nitrogen  than  any  of 
the  others;  but  the}'  do  not  show  more  nitrogen  in  the  surface  soil. 

One  is  tempted  to  ask  whether  the  crops  well  supplied  with  phos- 
phates and  nitrogen  have,  under  the  influence  of  potassium  salts  (with, 
in  many  cases,  sodium  and  magnesium  salts  as  well),  had  less  difficulty 
in  feeding  themselves  than  those  of  the  plats  from  which  potassium 
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salts  have  been  withheld;  and  whether  in  consequence  their  root 
development  has  been,  in  proportion  to  above-ground  growth,  less 
than  in  the  case  of  the  plats  less  completel}^  manured.  Less  annual 
root  development  would  mean  less  root  residue.  Or,  again,  has  the 
increased  assimilative  power  conferred  upon  the  plant  by  potash 
caused  the  above-ground  growth  to  abstract  from  the  roots,  before 
maturity  and  death,  more  of  the  nitrogen  taken  up  by  the  roots  pre- 
paratory to  utilization  for  the  ultimate  plant  processes  ?  On  the  other 
hand,  we  must  not  forget  that  we  are  for  the  moment  speaking  as 
though  the  first  9  inches  comprised  the  whole  of  the  soil  ranged  over 
by  the  roots.  The  roots  of  wheat  go  very  deeply  down  into  the  sub- 
soil, and  under  different  treatments  the  depth  of  root  range  no  doubt 
varies,  and  the  luxuriance  of  rootlet  development  in  different  layers 
of  the  subsoil  probabl}^  also  varies.  And  unfortunately  the  irregulari- 
ties of  the  subsoil  render  it  difficult  to  trace  and  compare  quantita- 
tively the  accumulations  of  organic  nitrogen  in  the  subsoil.  Some  of 
the  subsoils  show  accumulations  in  the  direction  in  which  we  should 
expect  to  find  them,  while  others  do  not.  Or  again,  may  it  be  that 
the  denser  and  more  vigorous  growth  of  the  wheat  has  allowed  less 
growth  of  weeds  on  the  more  richly  yielding  plats — Aveeds  being,  how- 
ever evil  their  habits,  at  least  conservators  of  the  nitrogen  that  they 
steal  ?  There  is  yet  another  view  of  the  matter  which  is  not  new,  but 
which  should  be  taken  into  account,  and  which  has  been  referred  to 
in  earlier  communications  from  Rothamsted.  It  is  that  the  accumu- 
lation of  nitrogen  under  varying  circumstances  has  its  varying  but 
necessary  limitations — points  of  increase  at  which  an  equilibrium 
tends  to  establish  itself.  Such  equilibrium  is  reached  when  the  annual 
decomposition  of  root  residue  and  the  final  resolution  of  its  nitrogen 
into  the  form  of  nitrates,  and  consequent  annual  drainage  loss,  equals 
the  annual  accumulation  in  root  residues.  It  has,  indeed,  been  pre- 
viously pointed  out  to  you  by  Professor  Warington  that  as  these 
decompositions  are  the  work  of  armies  of  living  organisms,  which 
must  increase  as  their  pabulum  increases,  the  very  accumulation  of 
root  residue  furnishes  an  indirect  means  for  its  own  increased  destruc- 
tion. It  is  therefore  possible  that  the  somewhat  decreased  percentage 
of  nitrogen  on  the  most  productive  plats  as  compared  with  those  of 
plats  somewhat  less  productive  may  be  due  to  some  such  reaction  of 
natural  agencies  working  toward  the  establishment  of  the  final  equi- 
librium which  we  must  expect  to  be  inevitably  reached  under  any  con- 
stant form  of  treatment. 

Perhaps,  however,  one  is  led  to  refine  too  much,  and  it  may  be  that 
the  general  harmony  that  otherwise  prevails  in  this  table  of  results 
leads  one  to  exaggerate  the  extent  or  significance  of  the,  after  all, 
slight  deviations  of  these  plats  from  the  rule  to  which,  in  a  broad 
sense,  they  may  still  be  said  to  conform,  viz,  that  the  greater  the 
annual  crop,  and  therefore  the  greater  the  quantity  of  nitrogen 
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removed  in  it  from  tlie  soil,  tlie  greater  is  tlie  quantity  of  nitrogen 
stored  in  the  soil  by  accnmulated  crop  residues,  and  so  saved  from  loss 
in  drainage. 

PLATS  5  TO  8  (all  fully  SUPPLIED  WITH  MINERAL  MANURES,  BUT 
RECEIVING  DIFFERENT  DRESSINGS  OF  AMMONIUM  SALTS). 

This  becomes  still  clearer  if,  instead  of  regarding  the  whole  series 
of  chemically  manured  plats,  differing  so  much  both  in  mineral  and 
in  nitrogenous  treatment,  we  select  for  consideration  certain  of  them 
which,  owing  to  their  com^Darative  treatment,  are  very  strictly  com- 
parable. Let  us,  for  instance,  tabulate  i^lats  5  to  S,  all  of  which 
receive  annually  the  same  full  dressing  of  minerals  (superphosphate, 
with  potassium,  sodium,  and  magnesium  salts),  but  are  very  differ- 
ently treated  nitrogen ously. 

Table  23. — Broadbalk  wheat  soils,  ISOS— Plats  5,  6,  7,  and  S,  all  annuallij  manured 
R'ith  a  liheral  supply  of  si'perpjhosjjhate  and  of  potassium,  sodium,  and  magne- 
sium salts. 

[First  9  inches  only.] 


Nitrogen 
per  acre 
added  an- 
nnally  in 
ammoni- 
um salts. 

Annual  to- 
tal weight 

of  grain 
and^straw 

1 12  years" 
average  1  = 

Nitro- 
gen. 

Carbon. 

Excess 
of  crop 
per  acre 
as  com- 
pared 
with 
plat  5. 

Excess  of 
nitrogen 

•per  acre  in 
first  9 
inches  as 
compared 

with  plat  5. 

Excess  of 

carbon 
per  acre  in 
first  9 
inches  as 
compared 
with  plat  5. 

Plat  5  

Pounds. 

Pounds. 

2.  242 

3.  S42 
5.  629 
6.613 

Per  cent. 
(1. 11113 

.  ihj: 

.  1222 
.  118S 

Per  cent. 

0.  931 

1.  nl9 
1.101 
1.13S 

Pounds. 

Pounds. 

Pounds. 

Plat  6  

86 
129 

1 .  6CiO 
3. 3^7 
1.371 

244 
642 
464 

2,282 
4.408 
5,367 

Plat:   

Plat  8  

In  the  presence  of  a  full  supply  of  minerals  it  will  be  seen  that  there 
was  a  progressive  increase  in  crop  with  a  gradual  increase  of  the  ammo- 
nium salts.  The  annual  application  of  ^6  pounds  of  nitrogen  in  the 
form  of  ammonium  salts  gives  about  double  the  increase  obtained  by 
the  use  of  -iS  pounds.  A  further  increase  of  ammonium  salts  x3ro- 
duces  a  still  greater  crop,  but  the  gain  is  no  longer  i^roportional.  In 
fact,  speaking  generally,  season  by  season  it  is  noticed  at  Rothamsted 
that  in  the  presence  of  a  full  su^Dply  of  minerals  the  first  43  pounds 
of  nitrogen  (as  ammonium  salts)  produces  9  bushels  of  wheat;  the 
second  43  pounds  produces  9  bushels  more,  making  IS  bushels  of 
wheat  for  S6  pounds  of  nitrogen;  but  the  third  43  pounds,  making  a 
supply  of  129  pounds,  produces  a  further  increase  of  only  3  bushels  of 
wheat,  and  the  crop,  it  may  be  observed,  is  usually  overgrown  and 
"laid/' 

It  will  be  seen  that  the  increase  in  accumulation  of  nitrogen  in  the 
surface  soil  in  plats  0  and  7  (receiving  respectively  43  pounds  and  86 
pounds  of  nitrogen  per  acre  per  annum)  as  compared  with  plat  5 
(without  nitrogen)  is  respectively  244  pounds  and  542  pounds,  corre- 
sponding very  nearly  to  the  doubling  of  the  annual  increase  in  the 
crop. 
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On  plat  8,  where  a  still  larger  quantit}^  of  ammonium  salts  is  used, 
and  where  the  increase  of  crop  is  much  less,  there  does  not  appear  to 
be  any  further  accumulation  of  nitrogen  as  far  as  the  first  9  inches 
are  concerned. 

If,  however,  we  take  the  second  and  third  depths  into  account,  we 
certainly  find  considerably  larger  accumulations  in  jjlat  8  than  in 
plat  7.  Indeed,  the  proportion  between  the  excess  of  crop  and  the 
excess  of  nitrogen  accumulated  in  the  case  of  plab  8  agrees  more 
nearly  with  that  of  plat  5  than  does  the  proportion  in  the  case  of  plat 
7.  The  following  further  table  shows  the  results  found  in  27  inches 
of  soil: 


Table  24:.— Broadbalk  ivheat  soils,  1893 — Plats  6,  7,  and  8  f  urther  compared, 

[First  27  inches!] 


Nitrogen 
per  acre 

added 
annually 
in  am- 
moniiim 
salts. 

Excess  of 
crop  per 
acre  as 
compared 
with  plats. 

Excess  of 
nitogen 
per  acre  in 

first  27 
inches  as 
compared 
with  plat  5. 

Excess  of 
carbon 
per  acre  in 
first  27 
inches  as 
compared 
with  plat  5. 

Plate...  -  

Pounds. 
43 
86 
129 

Pounds. 
1,600 
3,387 
4,371 

Pounds. 
145 
213 
445 

Pounds. 
1,701 
2,327 
5,844 

Plat  7...    

Plats     -   --. 

Whether  we  take  the  first  9  inches  only  or  the  first  27  inches,  the 
increase  in  organic  carbon  is  greater  as  the  supply  of  nitrogen  and  the 
growth  of  crops  have  been  greater,  though  not  in  direct  proportion, 
the  low  percentage  of  carbon  in  the  samples  representing  the  second 
and  third  depths  of  plat  7  disturbing  an  otherwise  reasonably  close 
concordance  in  the  proportion  of  crop  increase  and  of  increase  in 
residual  carbon.  But  once  again  it  must  be  remembered  that  the 
subsoil  irregularities  prevent  a  too  close  reasoning  upon  the  figures 
yielded  by  their  analyses  for  total  nitrogen  and  total  carbon. 

In  fact,  the  irregularities  of  the  subsoils  leave  us  unable,  from  direct 
evidence,  to  decide  whether  or  not  the  natural  subsoil  nitrogen  either 
diminishes  by  contributing  to  plant  food  on  the  one  hand,  or  is  aug- 
mented by  crop  residue  on  the  other,  so  far  as  the  continuously  cropped 
wheat  land  is  concerned. 

PLATS  10a,  11,  13,  AND  7  (all  RECEIVING  LIKE  DRESSINGS  OF 
AMMONIUM  SALTS,  BUT  DIFFERING  IN  MINERAL  TREATMENT). 

Before  passing  on,  I  must,  at  the  risk  of  being  tedious,  direct  spe- 
cific attention  to  yet  another  combination  of  plats,  viz,  10a,  11,  13, 
and  7.  The  members  of  the  series  we  have  just  been  discussing  were 
all  alike  in  being  full}^  manured  with  phosphates  and  potassium, 
sodium,  and  magnesium  salts,  differing  onl}^  in  their  nitrogenous  treat- 
ment.   Now,  the  following  plats  are  alike  in  that  they  have  all  for 
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fifty  years  received  ammonium  salts  containing  tlie  same  quantity  of 
nitrogen,  viz,  86  pounds  per  acre,  but  tlieir  mineral  treatment  has 
varied. 


Table  25. — BroadhaJk  wJieat  soils.  1893 — Plats  10a,  11,  13,^  and  7,  all  annually 

manured  icitJi  ammonii'.m  salts  containing  S6  jjounds  nitrogen  per  acre. 


Mineral  manure. 

Total 
annual 
weight 
of  wheat 

and 
straw  142 
years" 
aver- 
age). 

First  9  inches 
only. 

Annual 
excess  of 

Excess  of 
nitrogen 
per  acre 
in  first  9 
inches, 
as  com- 
pared 
with  plat 
10a. 

Excess  of 
carbon 

per  acre 

in  first  9 
inches, 
as  com- 
pared 

with  plat 
10a. 

Nitro- 
gen. 

Car- 
bon. 

crop  per 
acre, as 
com- 
pared 
with  plat 
10a. 

Plat  10a  . 
Plat  11 
Plat  13 

Plat  7  ... 

None  

Pounds. 

3.  m 

3. 988 
5,365 

5,629 

Per  ct. 

0. 1069 
.1131 
.1162 

1222 

Per  ct. 
1  049 

Pounds. 

Pounds. 

Pounds. 

Superphosphate-    

Superphosphate  and  potassium 
salts. 

Superphosphate  and  potassium, 
sodium.,  and  magnesium  salts. 

i.io: 

1.165 
1.101 

884 
2,261 

2,525 

160 
241 

396 

1..503 
3,007 

1.348 

Here  again  we  see  that,  as  the  crop  has  increased  on  the  minerally 
manured  plats,  under  the  influence  of  more  complete  feeding,  so  has 
the  excess  of  nitrogen  in  the  surface  soil  increased  again  in  proper 
sequence,  though  not  in  direct  proportion. 


NITROGEN  ACCUMULATIONS  AS  CROP  RESIDUE. 

Now  a  study  of  the  previous  series  (5,  6,  7,  and  S)  led  clearly  to  the 
conclusion  that  the  increase  in  soil  nitrogen  followed  increased  crop, 
increased  crop  following  an  increase  of  nitrogen  apx^lied  as  ammonium 
salts,  provided  that  X3lenty  of  minerals  were  also  applied.  But  from 
those  iilats  alone — save  i^erhaps  from  the  carbon  results — we  could 
not  draw  any  valid  conclusion  as  to  whether  the  excess  was  really 
rescued  nitrogen  existing  as  crop  residue  or  vv'hether  it  was  actually 
an  accumulation  of  manure.  The  series  10a,  11,  13,  and  7,  however, 
now  considered,  forms  a  complement  to  the  other  series,  showing  that 
even  when  the  application  of  nitrogen  is  constant,  the  smaller  the 
crop  the  less  of  it  is  retained  in  the  soil.  The  more  completely,  by 
the  supply  of  minerals,  the  crops  have  been  enabled  to  utilize  the 
nitrogen  supplied,  the  more  have  they  accumulated  in  the  soil;  and 
conversely,  the  less  that  is  utilized  the  less  is  retained. 

That  whatever  storage  of  manurial  nitrogen  from  inorganic  sources 
(such  as  ammonium  salts  or  sodium  nitrate)  takes  place  in  the  soil, 
occurs  in  the  form  of  crox^  residues — that  is  to  say,  as  the  remains  of 
roots,  stubble,  and  the  debris  of  weeds — broken  down  and  modified 
by  the  influence  of  the  worms,  insects,  fungi,  and  bacteria  that  feed 
upon  them,  is  not  a  new  conclusion.  It  was  arrived  at  long  since  at 
Rothamsted,  and  has  been  largely  supjoorted  by  the  study  of  the  com- 
position of  the  drainage  waters  from  the  pipe  drains  of  the  wheat  plats, 
as  well  as  by  the  results  of  earlier  analyses  of  the  soil;  and  the  cas^ 
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is  very  clearl}^  argued  in  a  Rothamsted  paper  ''On  the  amount  and 
composition  of  the  rain  and  drainage  waters  collected  at  Rothamsted  ' 
(Lawes,  Gilbert,  and  Warington),  published  in  1881  and  1882, ^  more 
particularly  in  that  part  of  the  article  published  in  1882.  The  matter 
was  also  discussed  with  you,  and  illustrated  from  earlier  analyses  by 
Professor  Warington  in  his  lectures  in  1891,  and  again  in  a  different 
form,  but  with  a  like  purport,  by  Sir  Henry  Gilbert  in  his  lectures  to 
you  in  1893.  Although  the  matter  has  been  already  so  fully  discussed, 
it  has  been  to  me,  and  I  hope  may  be  to  you,  an  interesting  task  to 
examine  some  of  the  further  evidence  on  the  subject  yielded  by  these 
latest  and  most  interesting  analyses,  viz,  those  of  the  1893  samples  to 
which  we  have  so  far  been  confining  our  attention. 

LOSS  OF  NITROGEN. 

The  following  table  (Table  26),  prepared  on  the  lines  of  others  used 
in  the  earlier  discussions  of  the  subject,  shoAvs  at  a  glance  the  estimated 
annual  removal  of  nitrogen  in  crops  in  fifty  years,  and  the  average 
annual  accumulation  of  nitrogen  in  the  surface  soil,  as  compared  with 
plat  3,  calculated  from  the  present  excess  found  by  actual  analysis  of 
the  1893  samples.  It  also  shows  the  nitrogen  annually  supplied  in 
manure,  and  the  balance  annually  lost  by  drainage,  or  at  any  rate  not 
found  in  the  surface  soil. 


Table  26. — Broadbalk  wheat  soils,  sampled  in  October,  1893 — Nitrogen  in  manure, 
crops,  and  soil,  and  not  accounted  for ,  on  various  chemically  manured  plats. 


Nitrogen. 

Plat 
3. 

Plat 
5. 

Plat 
7. 

Plat 
10a. 

Plat 
10b. 

Plat 
11. 

Plat 
12. 

Plat 
13. 

Flat 
14. 

Approximate  average  annual  yield  in 
crops  over  50  years  a.  

Lhs. 
19 

Lhs. 
24 

Lhs. 
49 

Lhs. 
32 

Lhs. 
35 

Lhs. 
39 

Lhs. 
41 

Lhs. 
45 

Lhs, 
44 

Average  annual  yield  in  excess  uf  plat  3 
(unmanured) . .  .  

5 

30 

13 

16 

20 
7 

22 

26 

25 

Average  annual  accumulation  of  nitrogen 
in  the  surface  (first  9  inches)  soil,  as  com- 
pared with  plats  (i.  e.,  one-fiftieth  of  the 
excess  over  plat  3  found  by  analysis 
after  50  years)  

1 

13 

4 

4 

lOi 

9 

13i 

Total  annual  excess  over  plat  3  in 
crops  and  in  first  9  inches  of  soil 

6 

42 
86 

17 
86 

20 

27 
86 

32i 
86 

35 

m 

Nitrogen  supplied  annually  in  manure 

86 

86 

86 

Balance  annually  (on  the  average) 
not  accounted  for  in  crops  or  soil- 
increase  in  first  9  inches,  and  for 
the  most  nart  lost  bv  drainasf-e.  _ 

44 

69 

66 

59 

53i 

51 

m 

a  This  quantity  is  based  on  actual  analyses  of  the  produce  over  forty  years,  and  on  an  v^stimate 
(made  from  the  crop  yield  of  each  plat)  for  the  earlier  years  in  which  analyses  of  the  grain  and 
straw  were  not  made.  The  average  annual  estimates,  though  rough,  are  probably  correct 
within  about  1  pound  per  acre. 

6  Gain. 


Actual  analyses  of  the  drainage  waters  running  from  the  pipes  show 
quantities  of  nitrates  which  go  far  toward  accounting  for  the  lost 


^  Journal  of  the  Royal  Agricultural  Society  of  England,  2,  ser.,  17  (1881) ,  pp.  241- 
279;  18  (1882),  pp.  1-71. 
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nitrogen,  but  the  drainpipes  only  discharge  a  fraction  of  the  total 
drainage,  and  a  large  quantity  of  drainage  must  often  find  its  way 
downward  below  the  level  of  the  drainpipes  when  the  pipes  are  not 
running,  and  even  when  they  are. 

Most,  if  not  all,  of  the  loss  on  the  chemicall}"  manured  plats  may 
therefore  be  said  to  be  in  the  form  of  nitrates.  It  is  possible  that 
under  certain  conditions  of  weather  there  may  be  slight  loss  by  evo- 
lution of  free  nitrogen  from  the  crop  residues  of  the  surface  soil  on 
these  plats,  but  there  is  no  evidence  to  show  that  any  of  the  nitrogen 
added  in  the  form  of  chemical  manures  is  thus  lost.  But  fermentative 
decomposition  involving  evolution  of  free  nitrogen  no  doubt  takes 
place  on  the  heavily  and  continuously  dunged  plats,  with  their  high 
quantity  of  organic  matter,  and  in  a  less  degree  on  the  rape-cake  plat. 
It  is  to  be  borne  in  mind,  however,  that  the  quantity  of  dung  used  in 
these  continuous  wheat-growing  experiments  is,  on  the  yearly  average, 
far  less  than  would  be  used  in  j^ractical  agriculture  on  any  of  the 
rotation  systems. 

NITROGEN  AND  CARBON  IN  THE  SUBSOILS. 

And  now  I  would  for  a  brief  space  divert  your  attention  to  the  sub- 
soil nitrogen  rather  than  to  the  surface  nitrogen. 

We  have  seen  that  it  is  not  clear  that  even  the  higher  subsoil  has 
either  contributed  nitrogen  to  the  crops  or  has  accumulated  nitrogen 
from  crop  residues,  i.  e.,  from  the  indirect  effects  of  manures;  nor, 
indeed,  is  it  clear  how  far  the  subsoil  has  contributed  nitrogen  to  the 
nitrates  found  in  or  passing  through  the  subsoils,  though  we  have,  as 
w^e  shall  see  hereafter,  some  evidence  that  active  nitrification,  at  any 
rate,  does  not  occur  in  the  lower  subsoil.  This  statement  as  to  the 
absence  of  evidence  of  accumulation  from  crop  residues,  however, 
must  be  restricted  as  referring  to  evidence  of  accumulation  during 
the  experimental  period  of  fifty  years  during  which  the  soil  has  been 
under  continuous  Avheat  cultivation.  The  diminution  of  nitrogen 
from  the  surface  as  we  go  downward  into  the  subsoil  is,  however,  for 
a  certain  range  gradual  and  clearly  points  to  accumulations  in  the 
past. 

It  is  convenient  to  consult  here  a  summary  table  that  has  been  pre- 
pared from  Table  11  so  as  to  show  the  nitrogen,  carbon,  etc.,  in  the 
average  of  all  the  Broadbalk  soils  at  each  depth. 
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Table  27. — Broadbalk  ivheat  soils,  sampled  in  October,  1S93 — Nitrogen  and 
CARBON  in  fine  dry  soil,  showing  averages  for  all  plats  at  different  depths, 

[Extracted  from  Table  11.] 


Depth. 

Num- 
ber of 
plats. 

Total 
nitro- 
gen. 

Nitro- 
gen as 

ni- 
trates. 

Car- 
bon. 

Per  acre. 

Ratio  of— 

Total 
nitro- 
gen. 

Nitro- 
gen as 

ni- 
trates. 

Car- 
bon. 

CarboD 
tol 
nitro- 
gen. 

Nitro- 
gen to 
100  car- 
bon. 

First  9  inches  (excluding 
2a  and  2b)  

First  9  inches  (all  plats)  . . 

Second  9  inches  

Third  9  inches  

Fourth  9  inches  

Fifth-9  inches..  

Sixth  9  inches   — 

Seventh  9  inches   

Eighth  9  inches  

Ninth  9  inches.   

Tenth  9  inches  

First  27  inches  (excluding 
2a  and  2b)  

19 

Per 
cent. 
0. 1149 

Permil- 
lion. 
5.01 

Per 
cent. 
1.076 

Lbs. 
2,977 

Lbs. 
13.00 

Lbs. 
27,880 

9.4 

10.7 

21 
21 
21 
12 
12 

1  9 

12 
12 
4 
4 

.1222 
.0784 
.0666 
.  0511 
.0472 
.  y)±o\j 
.0420 
.0396 
.0391 
.0375 

5.20 
9.31 
3.56 
2.23 
1.74 

1    A  4 

1.43 
1.44 
1.15 
1.06 

1.155 
.640 
.492 
.339 
.279 

.  fiOU 

.248 
.215 
.189 
.188 

3,133 
2,095 
1,860 
1,423 
1,351 
1,220 
1,199 
1,136 
1,174 
1,126 

13. 38 
24. 87 
9.94 
6.40 
4.97 
4. 10 
4.09 
4. 12 
3.44 
3. 19 

29, 594 
17,093 
13, 735 
9,445 
8,106 
7,255 
7,063 
6, 165 
5,669 
5,636 

9.5 
8  2 
7.4 
6.6 
5.9 
5.9 
5.9 
5.4 
4.8 
5.0 

10.6 
12  2 
13.5 
15.1 
16.9 
16.8 
]6.9 
18.4 
20.7 
20.0 

19 
21 
12 
4 

6,932 
7,088 
13, 273 
15,432 

47.80 
48.20 
72. 02 
64.84 

58, 520 
60,420 
96, 466 
102, 669 

First  27  inches  (all  plats) . . 
First  72  inches  

First  90  inches  

It  will  be  seen  that  there  is,  on  the  average,  a  higher  percentage  of 
nitrogen  in  the  higher  than  in  the  lower  layers  of  the  subsoil.  This 
is  clear  down  to  the  fifth  or  sixth  depth,  below  which  the  range  is 
distinctly  lower.  The  individual  plats  may  be  studied  in  detail  in 
Table  11,  and  it  may  be  said  that  when  in  any  case  the  percentage  is 
materially  below  about  0.04  to  0.045,  notes  taken  at  the  time  of  col- 
lection of  the  samples  generally  show  that  there  was  in  them  a  higher 
proportion  of  sand  or  gravel  with  the  clay,  or  even,  at  the  lower 
depths,  some  chalk.  The  indication  seems  to  be  that  the  higher 
percentages  of  nitrogen  from  the  upper  soil  doAvn  to  the  fifth  or  sixth 
depth,  i.  e.,  roughly  to  about  4  feet,  may  be  attributed  to  gradual 
distribution  downward  through  centuries  of  surface  supplies  or 
accumulations,  in  the  collection  of  Avhich  leguminous  vegetation  has 
no  doubt  played  its  part,  and  when  a  natural  permanent  turf  also 
helped  to  conserve  the  small  annual  contributions  of  nitric  nitrogen 
from  the  rain  and  atmosphere,  and  to  minimize  the  loss  of  nitrates 
by  natural  drainage. 

CARBON  AND  RATIO  OF  CARBON  TO  NITROGEN. 

It  is  at  this  point  interesting  to  consider  the  results  showing  the 
percentage  and  quantity  per  acre  of  carbon  in  the  soils  and  subsoils. 
They  may  be  studied  in  detail  in  the  full  statement  contained  in  Table 
11,  but  space  may  not  here  be  devoted  to  a  full  consideration  of  each 
plat.  Generally  speaking,  the  carbon  in  the  upper  subsoil  is  closely 
related  to  the  nitrogen,  and  its  fluctuations,  like  those  of  the  nitrogen, 
in  the  upper  depths  are  to  be  attributed  to  comparatively  recent  crop 
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residues.  lu  the  surface  soil  the  ratios  of  carbon  to  nitrogen  vary 
only  from  9: 1  to  10: 1;  but  if  two  plats  be  excluded  (2b  and  13)  the 
ratio  varies  only  from  9:1  to  9.8:1,  the  average  being  9.4:1.  The 
actual  percentage  of  cai'bon  varies  from  0.888  on  plat  3  (unmanured) 
to  2.230  on  plat  2b  (permanently  dunged).  Excluding  the  dunged 
plats,  it  averages  1.076  per  cent,  or  27,800  pounds  of  carbon  per  acre. 

In  the  second  depth  the  variations  in  carbon  on  all  the  plats  lie 
between  0.530  per  cent  and  0.748  per  cent,  the  latter  representing  the 
dunged  plat.  Excluding  this,  the  range  is  from  0.530  to  0.727,  and 
the  average  is  0.640  per  cent,  or  17,093  pounds  per  acre.  The  ratio 
of  carbon  to  nitrogen  ranges  from  7.6 : 1  to  9.7: 1,  but  if  two  plats 
^viz,  the  dunged  and  rape-cake  plats)  be  excluded,  the  range  is  from 
7.6:1  to  8.7:1,  averaging  8.2:1. 

In  the  third  depth  the  percentage  of  carbon  shows  a  range  of  from 
0.426  to  0.587  (or  from  0.426  to  0.535  if  we  exclude  the  rape-cake 
plat),  and  averages  0.492  per  cent,  or  13,735  pounds  per  acre.  The 
ratio  of  carbon  to  nitrogen  ranges  from  6.7:1  to  8.2:1  (or  to  7.8:1  if 
we  exclude  the  rape-cake  plat),  the  average  ratio  being  7.4: 1. 

In  the  fourth  9  inches  we  find  a  range  of  carbon  from  0.263  per  cent 
to  0.414  per  cent,  with  an  average  of  0.339  per  cent,  or  9,445  j^ounds 
per  acre.  The  ratio  of  carbon  to  nitrogen  varies  from  5.6 : 1  to  7.8: 1, 
and  averages  6.6: 1. 

In  the  fifth  9  inches  the  carbon  drops  still  lower,  ranging  from 
0.229  per  cent  to  0.332  per  cent,  and  averages  only  0.279  per  cent,  or 
8,106  pounds  per  acre.  The  ratio  of  carbon  to  nitrogen  varies  from 
5.0:1  to  7.1:1,  and  averages  5.9:1. 

In  the  sixth,  seventh,  and  eighth  depths  the  individual  variations 
are  smaller,  save  from  irregularities  of  sand,  etc.,  such  as  have  been 
mentioned.  The  percentages  of  cai^bon  fall  but  very  gradually,  aver- 
aging 0.256,  0.248,  and  0.215  (from  7,255  to  6,165  pounds  per  acre). 
The  average  carbon  to  nitrogen  ratios  are  5.9:1  in  both  the  sixth  and 
seventh  depths,  and  5.4:1  in  the  eighth. 

In  the  ninth  and  tenth  depths  (4  plats  only),  the  quantities  of  car- 
bon average  only  0.189  per  cent  and  0.188  per  cent,  or  5,669  and  5,636 
pounds  per  acre;  but  one  plat  shows  in  these  two  depths  as  much  as 
0.225  per  cent  and  0.258  per  cent  (or  6,758  and  7,745  pounds,  respec- 
tively, per  acre). 

The  table  (Table  27)  already  given  shows  all  the  averages  at  one 
glance,  and  shows  well  the  diminution  of  the  ratio  of  carbon  to  nitro- 
gen and  the  converse  increase  in  the  ratio  of  nitrogen  to  carbon. 

The  depth  at  which  the  carbon  ceases  to  show  any  marked  diminu- 
tion coincides  with  the  depth  at  which  the  nitrogen  ceases  to  diminish 
much,  viz,  at  the  fifth  to  sixth  depth.  There  also  the  ratio  of  carbon 
to  nitrogen,  which  has  been  rapidly  dwindling  from  the  surface  down- 
ward, suddenly  ceases  to  diminish.  It  seems  that  we  at  this  point 
come  to  the  depth  at  which  the  nitrogen  and  carbon  are  little  influ- 
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enced  by  i^ast  surface  acciiiuulatioiis  or  crop  residues,  and  get  only, 
or  mainly,  the  nitrogen  and  carbon  uaturally  indigenous  to  the  clay 
itself. 

NITROGEN  CONTENTS  OF  VARIOUS  OTHER  ROTHAMSTED 

SUBSOILS. 

With  regard  to  the  question  of  subsoil  as  compared  with  surface 
nitrogen,  it  is  here  relevant  to  ask  how  the  Broadbalk  wheat  field 
compares  with  other  fields  and  clays  from  other  sources.  By  the 
kindness  of  Sir  Henr}'  Gilbert,  who  has  spent  much  time  in  their  con- 
sideration and  tabulation,  I  am  able  to  present  here  the  averages  of 
a  very  large  number  of  nitrogen  determinations  in  different  depths  of 
different  fields  at  Rothamsted.  Indeed,  the  results  represent  1,810 
different  samples  taken  in  various  places  from  the  different  plats,  the 
nitrogen  determinations  being  for  the  most  part  made  on  a  mixture 
of  the  samples  representing  each  plat  sampled  at  each  depth  and  at 
each  date  of  collection.  The  results,  however,  are  derived  from  1,849 
separate  nitrogen  determinations.  As  the  results  on  all  the  earlier 
samples  were  obtained  by  the  soda-lime  method,  the  soda-lime  results 
for  the  1^893  wheat  soils  are  in  this  case  taken  for  comparison. 
We  have  results  for  the  following  series  of  samples : 
Broadbalk  lulieat  field. — Samples  collected  in  1865,  1881,  1887,  and 
1893. 

Hoos  field. — Samples  collected  in  1881  from  wheat  and  clover  land; 
in  1882,  1883,  and  1885  from  leguminous  land  and  wheat  fallow,  and 
in  1868  and  1882  from  the  barle}^  plats. 

Agdell  field. — Samples  collected  from  rotation  plats  in  1867,  1874, 
and  1883-84. 

Barn  field. — Various  samples  collected  in  1870  from  root  land. 

In  a  great  number  of  cases  the  sampling  has  been  carried  down 
to  twelve  depths  or  9  feet.  Tables  28  and  29  show  not  only  the  i3er- 
centages  of  nitrogen  in  the  fine  dry  soil,  but  also  the  quantities  of 
fine  dry  soil  and  stones  per  acre.  The  various  series  of  samples  are 
recorded  separately  in  the  large  table  (Table  28),  while  in  the  smaller 
table  (Table  29)  they  are  condensed  so  as  to  give  only  the  averages 
of  the  various  series  for  each  of  the  four  fields,  but  showing  also  the 
mean  results  for  the  wliole  17  sets  of  samples. 
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Table  29. — Average  iceight  of  fine  dry  soil  and  of  stones  ji^er  aci^e  in  different 
experimental  fields  at  Rotlianisted  and  at  different  depths:  also  average  per- 
centages  of  nitrogen  in  the  fine  dry  soils  at  the  respective  depths. 

[Summary  for  each  field — Broadbalk,  Hoos,  Agdell.  and  Barn  fields.] 
AVERAGE  WEIGHTS  OF  FINE  DRY  SOIL  PER  ACRE. 


Depth. 

Broadbalk 
field — sam- 
ples col- 
lected 1865, 
1881,  1887, 
and  1893. 

Hoos  field- 
samples  col- 
lected 1881, 

1882,  1883, 
and  1885 

(from  legu- 
minous 
land  1 :  1881, 

1883,  and 
1885  (from 

wheat 
fallow); 
1868  and 
1882  (from 
barley 
land). 

Agdell 
field— sam- 
ples col- 
lected 1867. 
1874,  and 
1883-84. 

Barn  field- 
samples  col- 
lected April. 
1870  (from 
root  land. 

Average 
of  all. 

Pounds. 
2.558,942 
2.592:259 
2. 814, 991 
2. 886. 339 
2.917.681 
2, 955. 543 
2. 814. 612 
2:888.789 
2.938.868 
2. 868. 118 
2, 804. 970 
2, 795.772 

Pounds. 
2. 593. 290 
2.  720. 656 
2. 890, 627 
3. 047. 939 
3, 074. 563 
3. 012. 298 
3,016.107 
2. 952, 629 
2.924.185 
2. 865: 290 
2, 760, 455 
2, 817, 918 

Pounds. 
2, 347. 580 
2,448:399 
2. 532, 703 
2: 441, 895 
2. 465. 262 
2. 587. 276 
2. 517, 401 
2. 654, 461 
2. 589, 332 
2, 478, 854 
2. 610, 067 
2, 644: 314 

Pounds. 
2,321,160 
2, 673. 095 
2. 650. 950 

Pounds. 
2, 455, 243 
2, 603, 602 
2. 722, 318 
2, 792, 058 
2, 819, 169 
2, 851, 706 
2, 782, 707 
2,831,960 
2, 817, 462 
2, 737. 421 
2. 725. 164 
2. 752. 668 

Second  9  inches  

Third  9  inches  

Fourth  9  inches  

Fifth  9  inches  

Sixth  9  inches  .   

Seventh  9  inches  

Eighth  9  inches  

Ninth  9  inches  

Tenth  9  inches.  .-. 

Eleventh  9  inches   

Twelfth  9  inches  

AVERAGE  WEIGHTS  OF  TOTAL  STONES  PER  ACRE. 

First  9  inches  

497, 924 
443, 322 
212, 655 
163. 867 
202. 400 
144, 021 
282. 083 
210, 565 
162, 629 
183, 930 
137,  a59 
176, 109 

480, 640 
346, 120 
238, 244 
170,440 
164, 834 
190.302 
114, 259 
141. 802 
179. 368 
209. 674 
248, 766 
204, 905 

837, 352 
480, 133 
363: 038 
476. 574 
523. 083 
289,447 
472, 762 
404, 655 
462: 734 
528. 891 
397. 621 
274, 700 

769, 486 
530. 003 
415,488 

646, 351 
449, 894 
307, 356 
270. 294 
296, 772 
207, 923 
289. 701 
252, 341 
268, 244 
307, 498 
261,249 
218, 571 

Second  9  inches  

Third  9  inches  

Fourth  9  inches    

Fifth  9  inches   

Sixth  9  inches  -   

Seventh  9  inches  

Eighth  9  inches  

Ninth  9  inches.  

Tenth  9  inches   

Eleventh  9  inches  

Twelfth  9  inches  

AVERAGE  PERCENTAGES  OF  NITROGEN  IN  FINE  DRY  SOIL. 

Per  cent. 
0. 1145 
.0724 
.0598 
.0488 
.0428 
.0393 
.0368 
.0368 

.  oa50 

.0358 
.0376 
.0286 

Per  cent. 
0. 1098 
.0670 

Per  cent. 
0. 1273 
.0727 

Per  cent. 
0.0973 
.0674 
.0577 

Per  cent. 
0. 1122 
.0699 
.0594 
.0490 
.0444 
.0434 
.0415 
.0402 
.0396 
.0395 
.0408 
.0368 

Second  9  inches  

Third  9  inches  

.0571  .0628 
.0469  1  .0513 
.0440  !  .0465 
.0463  !  .0447 
.0439  1  .0437 
.0423  i  .0414 
.0401  I  .0438 
.0386  1  .0441 
.0431  I  .0417 
.0415  1  .0402 
1 

Fourth  9  inches  

Fifth  9  inches..  

Seventh  9  inches  

Eighth  9  inches.  

Tenth  9  inches    — 

Eleventh  9  inches  

Twelfth  9  inches  

A  study  of  tliese  tables  (28  and  29)  will  show,  in  the  first  place,  that 
in  the  case  of  the  soils  of  the  first  9  inches,  or  surface  depth,  the 
mean  percentages  of  nitrogen  in  the  soils  of  each  of  the  fields  varies 
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according  to  the  cro})  grown  and  according  to  other  circnnistances, 
bnt  that  in  the  snbsoils  of  the  second  to  the  sixth  or  seventh  depths 
it  gradually  declines,  although  the  mean  percentage  is  very  similar  at 
corresponding  depths  in  the  three  fields — Broadbalk,  Hoos,  and 
Agdell.  Below  the  sixth  depth,  however,  there  is  less  evidence  of 
any  regular  declension  either  in  Hoos  or  Agdell  field,  but  in  the  case 
of  the  Broadbalk  soils  the  percentages  range  distinctly  lower  than  in 
the  other  fields.  Reference  to  notes  made  at  the  time  of  collection  of 
the  samples,  however,  shows  that  these  lower  j)ercentages  are  to  be 
correlated  with  larger  proportions  of  sand  or  chalk  intermixed  with 
the  clay  subsoils,  the  mingling  of  chalk  especially  affecting  the  lowest 
depths.  It  is  to  be  observed  that  in  the  case  of  the  other  fields  the 
normal  clayey  subsoil  of  the  six  lower  depths  contains  an  average  of 
rather  over  0.04  per  cent  of  nitrogen,  as  determined  by  soda-lime, 
with  little  evidence  of  gradual  decline. 

NITROGEN  AND  CARBON  IN  OTHER  CLAYS  AND  DEEP  DEPOSITS. 

With  reference  to  this  apparently  indigenous  nitrogen  percentage, 
it  should  here  be  recorded  that  some  determinations  of  nitrogen  were 
made  in  the  Rothamsted  laboratory  in  1874,  in  a  samj^le  of  the  Oxford 
clay  obtained  in  the  Sub-Wealden  exx3loration  boring  at  Battle,  at  a 
depth  of  from  500  to  600  feet.  This  showed,  on  an  average  of  four 
closely  agreeing  analyses,  0.0442  per  cent  of  nitrogen,  or  very  nearly 
the  same  i3roportion  as  that  in  the  lower  clay  subsoils  at  Rothamsted. 

Quite  recently  (June,  1900)  Sir  Hemy  Gilbert  has  obtained  from 
the  geological  survey  office,  by  the  kindness  of  Sir  Archibald  Geikie, 
a  number  of  deposits — some  of  them  clayey,  and  some  highly  calcare- 
ous— from  deep  borings,  in  which  he  has  had  determined  the  nitrogen 
and  organic  carbon  and  the  ratios  of  carbon  to  nitrogen  and  of  nitro- 
gen to  carbon.    The  results  are  given  in  the  following  table: 

Table  30. — Analyses  of  deep  day  deposits  compared  with  average  results  of  deep 
subsoils  at  Rothamsted. 

[Percentages  of  carbonate  of  lime,  nitrogen,  and  organic  carbon  in  fine  dry  soil;  also  ratios  of 
carbon  to  1  nitrogen,  and  of  nitrogen  to  100  carbon.] 


I   lime  ("^^a") 


Organic 
carbon 
(mean). 


Carbon  Nitrogen 
to  1        to  100 
nitrogen,  carbon. 


Rothamsted  soils,  various  fields,  seventh  to 
twelfth  depths  a     

Oxford  clav,  Sub-Wealden  boring,  near  Battle, 
Sussex,  500-600  feet.    (Received  in  1874)  

Oxford  clay.  Brabourne  bore  (at  1,370  feet), 
West  Brabourne,  Kent.,  

Weal  den  mottled  clav,  Brabourne  boring  at 
591-611  feet   

Gault,  Meux's  Brewery,  Tottenham  Court  Road. 

London  clay,  tunnel  for  Electric  Railway,  Picca- 
dilly Circus   -  -  


2L35 


0 

30.55 


Per  cent. 
0.0450 

.0443 

.0483 

.0343 
.0397 

.0412 


Per  cent. 


0.786 


.533 
.613 


.391 


16.3 


15.6 
15.5 


9.5  ! 


6.1 
6.5 


a  Deduced  from  222  separate  samples  and  204  nitrogen  determinations,  made  for  the  most  part 
in  duplicate,  on  a  mixture  of  two  or  more  individual  samples  from  each  plat  or  each  depth. 
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It  will  be  seen  that,  even  at  these  great  depths,  far  reiiKn'ed  from 
surface  influences,  we  find  much  the  same  x)roportion  of  nitrogen  (viz, 
about  0.04  per  cent)  as  in  the  Rothamsted  deeper  clay  subsoils,  though 
we  find,  it  is  true,  more  carbon  and  higher  carbon  to  nitrogen  ratios 
than  in  the  Rothamsted  subsoils. 

The  general  inference  would  seem  to  be  that  in  these  ancient 
deposits,  whether  mere  clay  or  calcareous  formations  differing  much 
in  their  general  characters,  there  is  a  small  but  fairly  constant  per- 
centage of  nitrogen,  viz,  about  0.04  per  cent,  due  presumably  to  the 
last  surviving  organic  residue  of  the  multitude  of  animal  and  vege- 
table remains  accumulated  in  their  suboceanic  period.  This  small 
percentage  of  nitrogen,  which  seems  to  remain  unaltered  at  a  depth  of 
1,000  feet,  seems  to  be  equally  unaltered  within  a  few  feet  of  the  sur- 
face, despite  thousands  of  years  of  surface  vegetation,  the  influence 
of  which  on  the  permanent  organic  nitrogen  contents  of  the  subsoil 
seems  to  be  scarcely  appreciable  below  about  4  feet  from  the  surface. 

Small  as  it  seems  in  percentage,  the  quantity  of  soil  and  subsoil 
nitrogen  is  enormous.  In  what  precise  organic  form  it  exists  we  do 
not  know,  but  it  seems,  except  near  the  surface,  to  be  protected,  prob- 
ably by  conditions  of  temperature  and  aeration,  from  the  microbic 
influences  which  promote  the  decompositions  culminating  in  nitrifica- 
tion. Indeed,  for  aught  that  we  know,  some  part  of  this  clay  nitro- 
gen may  be  in  a  condition  in  which  it  is  not  even  susceptible  to  such 
influences.  Even  in  the  surface  soil,  where  nitrogen  is  steadily  nitri- 
fled  (and  lost,  unless  the  cropping  conditions  are  favorable  to  its! 
reassimilation),  the  nitrates  are  probably  mainly  yielded  by  the  old 
crop  residues  rather  than  by  this  original  chiy  nitrogen.  In  the  Broad 
balk  field,  plat  5 — the  plat  persistently  manured  with  full  minerals, 
but  starved  for  want  of  nitrogen  (see  Table  14)— is  poorer  than  iti 
ammonia-fed  neighbors  in  the  first  27  inches,  but  below  this  it  hap 
pens  to  be  a  good  deal  richer  in  total  nitrogen  than  the  prosperous 
adjoining  plats.  Its  crops  are  starving  for  want  of  nitrogen  in  ac 
assimilable  f  orn^  and  yet  it  contains  in  the  first  three  depths  {27  inches 
6,401  pounds  of  nitrogen :  in  the  first  6  feet,  14,056  pounds ;  and  in  thi 
first  7^  feet  no  less  than  17.470  potmds  of  nitrogen  per  acre.  Yet  w< 
know  from  experience  that  a  small  top-dressing  of  sodium  nitrate  or  o: 
ammonium  salts  would  in  a  single  season  convert  its  poor  annual  yiel( 
of  14f  bushels  of  grain,  with  10|  hundredweight  of  stunted  straw  pe] 
acre,  into  a  rich  crop  of  probably  35  bushels  of  grain  per  acre,  with  i 
luxuriant  growth  of  straw. 

Nature  is  niggardly,  then,  in  her  annual  dole  from  tliis  great  store 
What  does  she  spare  us,  and  how? 

We  have  among  the  Rothamsted  records  sufficient  data  relating  t( 
land  unmanured  with  nitrogen  to  enable  us  to  answer  this  question 
but  before  passing  on  to  it  we  may  properly  stop  to  consider  th< 
results  indicating  the  ''nitric"  nitrogen,  or  nitrogen  existing  aj 
nitrates,  in  the  different  soils  and  subsoils. 
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NITROGEN  AS  NITRATES  ('^  NITRIC'^  NITROGEN). 

GEXERAL  DISCUSSION  AXD  FULL  STATEMEXT  OF  ANALYTICAL  RESULTS 
OX  THE  BROADBALK  SOILS. 

■  The  great  classical  researclies  that  have  been  made  at  Rothamsted 
on  the  subject  of  nitrification — nature's  way  of  providing  food  for 
new  vegetable  life  from  the  debris  of  x^receding  life — are  already 
Avell  known  to  you  in  substance.  The  subject  was  very  carefully  and 
thoroughly  dealt  with  in  the  lectures  delivered  to  you  by  Professor 
AVariugton  in  ISDl,  and  the  cliief  outcome  of  its  study  was  again 
summarized  in  the  course  of  Sir  Henry  Gill^ert's  lectures.  Some 
apology — as  indeed  also  in  the  case  of  tlie  preceding  pages  dealing 
with  organic  nitrogen — would  be  due  from  me  for  again  traveling 
over  ground  that  has  been  already  explored  and  exx^lained,  but  for 
the  fact  that  I  am  in  the  position  of  In-inging  before  you  in  these 
1S93  samples  the  latest  confirmatory  evidence  directly  yielded  by 
the  soil  itself  of  many  facts  that  were  already  known  to  us.  Sir  Henry 
Gilbert  summed  uii  to  you  the  practical  results  of  fifty  years'  continu- 
ous wheat  growing  under  so  many  different  manurial  conditions;  but 
he  was  unable  to  give  you  the  results  of  the  examination  of  the  soils 
at  the  end  of  the  fifty  years,  for  the  samples,  as  I  have  said,  were 
actually  being  collected  while  lie  was  with  you.  Then,  as  at  the  time 
of  Professor  Warington's  lectures,  the  ISSI  samples  formed  the  most 
recent  complete  set  of  Broadbalk  samples  that  had  been  examined. 
The  consideration,  therefore,  of  the  later,  and  much  more  complete 
results  of  the  analyses  of  the  1S93  samples,  taken  at  the  end  of  the 
first  fifty  years  of  the  experiments,  may  be  regarded  as  a  continua- 
tion (comx^letion  would  be  far  too  comprehensive  a  word)  of  Sir  Henry 
Gilbert's  review  of  the  results  of  fifty  years'  work  at  Rothamsted. 
The  conclusions  deduced  from  the  study  of  the  determinations  of 
nitric  nitrogen  in  the  1893  sam^^les  are  not  qualitatively  different  from 
those  deduced  from  the  samples  collected  in  1881:  but  the  plats  in 
1893  were  all  twelve  years  older,  and  the  evidence  they  have  to  give 
us  is  entitled  to  still  more  of  the  respect  due  to  age  than  that  gathered 
at  the  earlier  x^eriod. 

It  will  be  convenient  to  extract  from  Tables  11  and  12  the  figures 
relating  to  nitric  nitrogen,  so  as  to  have  them  before  us  in  a  more 
condensed  form,  and  also  as  we  go  on  to  make  further  selected 
extracts  from  them  for  the  purpose  of  comparing  various  plats  one 
with  another. 
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It  happens,  somewhat  iiiifortiinatel}',  that  the  season  preceding  the 
taking  of  the  samples  in  October,  1893,  was  far  from  being  a  normal 
season.  The  rainfall  for  the  harvest  year — September,  1892,  to 
August,  1893,  inclusive — was  only  24  inches,  as  against  an  average, 
for  the  preceding  seventeen  years,  of  nearly  30  inches.  The  defi- 
ciency was  chiefly  in  March,  April,  May,  and  June.  During  the 
whole  of  these  four  months  less  than  3  inches  of  rain  fell,  whereas 
there  is  normally  from  8  to  9  inches  during  the  same  period  As  a 
consequence,  the  crop  of  1893,  preceding  the  taking  of  the  samples, 
was  a  miserably  small  one,  averaging  all  round  only  about  60  per 
cent  of  an  average  crop  of  grain  and  only  40  per  cent  of  the  average 
quantity  of  straw.  From  the  ]3oint  of  view  of  analytical  investiga- 
tion, however,  it  is  to  some  extent  a  matter  of  regret  that  after  har- 
vest and  before  the  soil  sampling  in  1893,  there  was  a  somewhat  heavy 
rainfall,  viz,  4|  inches,  while  a  further  fall  of  three-fourths  of  an  inch 
took  place  during  the  period  of  sampling.  Owing  to  this,  much  of 
the  nitrogen  that  would  in  autumn  be  ordinarily  found  in  the  surface 
soil  was  no  doubt  washed  dowuAvard  into  the  second  dex)th.  The 
third  deptli,  too,  shows  more  than  would  j^robably  be  ordinarily 
found,  and  it  will  be  seen  that  there  is,  as  a  rule,  a  ver}'  distinct 
break  in  continuity  between  the  third  and  fourth  depths. 

In  regarding  the  results  relating  to  the  deeper  layers  of  the  subsoil, 
it  must  be  remembered  that  the  field  is  artificially  drained,  and  that 
it  is  at  about  the  bottom  of  the  third  dei^th,  or  at  27  inclies,  that  the 
soil  w^ater  is  tapped  by  the  drainx3ipes  whenever  they  run.  Much  of 
the  rainfall  must  jjercolate  downward  into  the  lower  subsoil  with- 
out emerging  from  the  drainpii)es,  which  in  a  close  soil  like  this, 
only  run  wdien  rain  is  heavy  or  continuous.  But  the  sudden  decrease 
that  we  observe  in  many  cases,  in  looking  down  the  figures,  in  pass- 
ing from  the  third  to  the  fourth  dei^th,  seems  to  be  attributable  in  a 
great  measure  to  the  position  of  the  drains,  though  it  is  also  to  be 
remembered  that  below  the  drains,  w^e  are  also  well  below  the  depth 
at  which  the  wheat  roots  collect  the  greater  part  of  their  food.  IsTitri- 
fication  goes  on  mainly,  thoLigh  probably  not  exclusively,  in  the 
surface  soil,  or  in  the  upx)er  dei^tlis  of  the  subsoil.  Such  of  the 
nitrates  (or,  for  convenience,  let  us  say  such  of  the  nitric  nitrogen) 
as  is  not  utilized  by  the  growing  wheat  (which  ceases  to  take  up 
nitrogen  actively  some  time  before  it  is  ready  to  cut)  is  gradually 
washed  down.  Some  of  this  emerges  in  the  i3ipe  drainage  should 
there  be  heavy  rain,  and  w^hat  does  not  escape  in  this  way  must  per- 
colate downward  into  the  subsoil  together  with  any  such  small  quan- 
tity of  nitric  nitrogen  as  may  be  formed  in  the  subsoil  itself. 

In  the  absence  of  other  evidence  it  might  appear  possible  that  the 
break  observed  between  the  third  and  fourth  depths  was  due  to 
retention  by  the  growing  crop  of  the  nitrates  X->resent  or  formed  in  the 
upper  depths  during  the  growing  season,  w^hich  retention  would 
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naturally  limit  the  downward  percolation  into  the  subsoil  j)rior  to 
harvest,  while  the  nitrates  subsequently  formed  in  the  surface  soil 
would  hardly  have  had  time  to  penetrate  into  the  fourth  depth. 

But  the  Rothamsted  studies  of  nitrification,  as  you  may  reinember, 
have  not  been  confined  to  the  Broadbalk  field,  but  have  been  extended 
to  the  examination  to  an  even  greater  depth  of  the  subsoil  of  land 
that  does  not  happen  to  be  pipe  drained.  Some  of  the  results  of 
these  studies  are  given  in  Sir  Henry  Gilbert's  lectures,  delivered  in 
1893.^  From  those  results  it  will  be  seen  that  where  there  is  no  ^ipe 
drainage  there  has  not  been  a  break  in  the  amount  of  nitric  nitrogen 
about  or  below  the  third  depth  of  9  inches.  This  seems  to  support 
the  conclusion  that  the  sudden  reduction  shown  in  the  Broadbalk 
samples  of  1893,  between  the  third  and  fourth  depths,  is  largely  due 
to  the  tapping  of  the  drainage  water  by  the  drainpipes. 

t  DOES  NITRIFICATIOX  OCCUR  IX  THE  LOWER  SUBSOILS? 

Looking  generally  at  the  tables  it  will  be  seen  that,  as  in  the  deep 
series  of  i3lats  previously  examined,  as  described  in  Sir  Henry  Gil- 
bert's lectures,  nitric  nitrogen  is  found  down  to  the  lowest  depth 
sampled.  The  question  arises,  how  far  is  this  due  to  percolation,  or 
how  far  is  its  presence  due  to  the  nitrification  going  on  in  the  subsoil 
itself  ?  It  has  certainly  been  experimentally  ascertained  at  Rotham- 
sted  that  the  nitrogen  of  the  subsoils  is  at  any  rate  to  some  extent 
susceptible  of  nitrification  if  the  organisms  are  actually  present  and 
under  the  other  conditions  of  aeration  and  temperature  necessary  for 
nitrification.  It  has  even  been  x^roved  that  the  nitrifying  organisms 
do  actually  exist  in  the  deep  subsoils,  though  they  seem  to  be  very 
few  and  very  feeble  as  compared  with  those  found  in  the  upper 
depths,  especially  in  the  surface  soil.  But  even  if  the  actual  condi- 
tions naturally  existing  in  the  subsoil  allow  of  any  appreciable  nitrifi- 
cation in  the  lower  depths,  it  would  seem  to  be  very  feeble. 

If  we  take,  for  examjjle,  the  case  of  plat  5,  which  receives  no  nitrog- 
enous manure,  and  which  is  liberally  sup]3lied  with  mineral  manures, 
so  as  to  facilitate  as  full}'  as  x>ossible  the  utilization  of  the  nitric 
nitrogen  produced  by  nitrification  in  the  surface  soil  and  upper  sub- 
soil, we  find  that  the  nitric  nitrogen  existing  below  the  drainpii^es 
averages  less  than  1  pound  i^er  acre  (actualh^  0.87  pound)  in  each 
depth  of  9  inches.  Now  in  the  unmannred  wheat  fallow  soil  of  Hoos 
field,  sampled  in  July,  1883  (see  Sir  Henry  Gilbert's  lectures,  p.  113), 
the  average  quantity  of  nitric  nitrogen  was  nearly  2^  pounds  per 
acre  in  each  of  the  nine  depths  below  the  first  27  inches.    In  that  case 

^U.  S.  Dept.  Agr.,  Oflace  of  Experiment  Stations  Bui.  22,  Tables  43  and  44.  pp. 
113-115.  Also  paper  "On  some  points  in  the  composition  of  soils,  with  results 
illustrating  the  source  of  the  fertility  of  Manitoba  prairie  soils."  (Journal  of  the 
Chemical  Society  of  London,  Transactions,  47  (1885),  p.  880.) 
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there  were  no  drainpipes  to  tap  the  soil  higher  nj).  It  is  also  to  be 
noted  that  the  samples  were  taken  in  a  fallow  year  (the  plat  being 
wheat  cropped  and  fallowed  in  alternate  years),  and  that,  therefore, 
there  had  been  no  growing  crop  to  assimilate  the  surface-formed 
nitrates.  On  the  other  hand,  the  sampling  was  carried  out  in  July, 
when  summer  nitrification  was  ver}^  far  from  being  completed,  while 
the  samples  from  the  Broadbalk  field  now  under  consideration  were 
taken  in  October,  i.  e. ,  nearly  three  months  after  the  crop  would  have 
been  actively  engaged  in  taking  up  nitrogen,  though  nitrification 
would  have  been,  during  these  three  months,  in  active  progress. 

On  the  whole  it  would  seem,  in  the  light  of  the  1893  samples,  that 
the  larger  quantit}^  of  nitric  nitrogen  found  in  the  lower  depths  of 
Hoos  field  Avas  partly  related  to  the  absence  of  a  recently  growing 
crop,  but  more  particularly  to  the  absence  of  artificial  drainage. 

In  another  series  of  samples,  taken  toward  the  close  of  1882  in 
Agdell  rotation  field,  after  wheat  following  fallow,^  the  average  quan- 
tity of  nitric  nitrogen  in  the  nine  depths  below  the  first  27  inches  was 
1.3  pounds  per  acre.  Here  again,  though  there  had  been  a  growing 
crop,  there  was  no  artificial  drainage,  and  its  absence  coincides  with 
the  greater  quantity  of  nitric  nitrogen  than  we  find  in  the  lower 
depths  of  the  Broadbalk  plat  unmanured  with  nitrogen.  The  six 
consecutive  depths  below  the  drainpipes  on  plat  5  of  the  Broadbalk 
field  in  1803  contained  6.05  pounds  of  nitric  nitrogen  per  acre;  the 
corresponding  depths  of  Hoos  field  (wheat  fallow,  sampled  in  July, 
1893)  contained  15.49  pounds  per  acre. 

From  the  quantity  of  nitrates  actually  found  in  the  waters  collected 
from  the  drainpipes  of  the  Broadbalk  field  during  some  years  it  is 
estimated  that  sometimes  nearly  17  pounds  of  nitrogen  per  acre  have 
passed  away  in  drainage  from  the  wholly  unmanured  plats,  and  over 
18  pounds  per  acre  from  plat  5,  which  we  are  at  the  moment  consider- 
ing. Bearing  this  in  mind,  and  also  the  difference  of  conditions  in 
the  other  fields,  there  can  be  little  doubt  that  the  larger  quantity  of 
nitric  nitrogen  found  in  their  lower  depths,  and  the  absence  of  any 
marked  break  between  the  third  and  fourth  depths  is  due  to  down- 
ward percolation. 

Quite  apart  from  other  evidence  the  examination  of  the  lower  depths 
of  the  ammonia-manured  plats,  which  will  be  considered  presently, 
shows  very  clearly  that  the  drainpipes  are  ver}^  far  from  being  able 
to  remove  completelj^  the  nitrates  produced  by  the  oxidation  of 
unused  ammonium  salts  and  of  crop  residues  in  the  soils  fed  with  such 
salts,  for  we  find  largely  increased  nitric  nitrogen,  despite  the  drain- 
pipes, all  the  way  down  to  90  inches.  It  seems,  therefore,  only  reason- 
able to  assume  that  even  on  the  unmanured  plats,  as  nitrates  occur  to 
so  large  an  extent  in  the  actual  drainage  water  collected  from  the 
pipes,  a  considerable  quantity  must  be  carried  down  in  the  undis- 


^  Journal  of  the  Chemical  Society  of  London,  Transactions,  47  (1885),  p.  406, 
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charged  drainage  water  that  indubitably  finds  its  way  down  to  the 
chalk  below.  Some  allowance,  then,  must  be  made  for  this  in  regard- 
ing the  0.87  pound  of  nitric  nitrogen  per  acre  foand  in  each  depth  of 
the  lower  subsoil  of  plat  5,  and  such  allowance,  whatever  it  be,  would 
reduce  to  very  small  dimensions  the  nitric  nitrogen  that  could  be 
attributed  to  actual  subsoil  nitrification. 

Furthermore,  if  we  turn  to  the  results  obtained  from  the  drain 
gauges  we  fail  to  find  practical  evidence  of  any  very  appreciable  sub- 
soil nitrification.  The  structure  of  the  Rothamsted  drain  gauges  is 
familiar  to  many  of  you.  Each  of  these  three  gauges  incloses  an  area 
of  natural  s'oil  with  its  natural  subsoil,  the  area  of  each  being  one 
one-thousandth  of  an  acre,  and  so  constructed  that  all  the  rainfall  which 
percolates  through  them  can  be  collected  for  measurement  and  analy- 
sis. In  all  three  the  soil  is  kept  fallow,  and  they  differ  onl}^  in  depth, 
containing  respectively  20,  40,  and  60  inches  of  soil.  Now,  if  nitri- 
fication went  on  appreciably  in  the  subsoil,  we  should  expect  to  find 
more  nitric  nitrogen  in  the  drainage  water  from  the  deepest  gauge 
than  in  that  from  the  shallowest  As  a  matter  of  fact  this  is  not  the 
case.  During  the  twenty  years  from  1877-78  to  1896-97  the  nitric 
nitrogen  yielded  annually  by  the  shallowest  and  the  deepest  gauges 
has  been  as  follows : 


And,  as  is  pointed  out  in  the  Rothamsted  ''Memoranda"  for  the 
current  year,  the  conditions  of  aeration  are  distinctly  more  favorable 
in  the  drain  gauges  than  in  the  field. 

On  the  whole,  then,  we  may  consider  that  under  natural  field  con- 
ditions the  vast  stores  of  subsoil  nitrogen  within  the  reach  even  of 
the  deeply  rooting  wheat  plant  are,  for  all  practical  or  economical 
purposes,  unavailable  for  appreciable  contribution  to  the  nitrogenous 
sustenance  of  the  crop. 

The  conclusion  is  not  new,  but  the  subject  appears  to  be  one  of  suf- 
ficient magnitude  to  justify  the  space  that  I  have  been  tempted  to 
occupy  in  examining  the  latest  contributions  to  the  evidence  that 
seems  to  bear  upon  it. 

NITRIC   NITROGEN    IN    THE   UNMANURED    AND    THE    DUNGED  PLATS 
AND  THE  RAPE-CAKE  PLAT. 

When  we  come  to  a  detailed  consideration  of  the  results  we  are,  as 
in  the  consideration  of  the  total  nitrogen  contents,  naturally  led  to 
compare  first  the  persistently  unmanured  plats  3  and  4  with  the  two 
dunged  plats,  2a  and  2b.  Here  we  much  regret  the  absence  of  deeper 
samples.    As  it  is,  we  must  be  content  in  the  case  of  these,  as  in  the 


Table  33. — Bothamsted  drain  gauges. 


Pounds. 


20-inch  gauge. 
60-inch  gauge 


35.07 
33.87 
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case  of  four  of  the  other  plats,  with  the  results  for  the  first  27  inches. 
We  may  also  here  consider  the  rape- cake  plat.  It  is  convenient  to 
tabulate  the  results  separately. 


Table  34. — Broadbalk  wheat  soils,  plats  3,  4,  2a,  2h,  and  19 — Nitrogen  as 
NITRATES  (  "  nitric'"  nitrogeyi)  in  samples  collected  in  October,  1893. 


Depth. 

Plat  3,  un- 
manured 
50  years. 

Plat  4,  un- 
manured 
since  1852. 

Plat  2a,  14 
tons  farm- 
yard ma- 
nure, 9 
years. 

Plat  2b,  14 
tons  farm- 
yard ma- 
nure, 50 
years. 

Plat  19, 
rape-cake 
plat. 

First  9  inches  

1  to  27  inches  

Pounds. 
9.64 
9.22 
2.  74 
21.60 

Pounds. 
7.96 
7.03 
2.12 
17.11 

Pounds. 
23.67 
22.  65 
10.27 
56. 59 

Pounds. 
10.53 
45.36 
12.25 
68.14 

Pounds. 
22.06 
24.36 
14. 18 
60.60 

We  see  that  even  on  the  land  wholly  unmanured^for  fifty  years, 
notwithstanding  the  recent  removal  of  the  fiftieth  continuous  wheat 
crop,  the  uppermost  27  inches  contaihed*21.60  pounds  of  nitric  nitro- 
gen per  acre,  equivalent  to  1^  hundredweight  per  acre  of  commercial 
nitrate  of  soda.    Of  this  the  greater  part  is  in  the  upper  18  inches. 

Unfortunately  this  autumnal  store  of  nitrates  is  destined  for  the 
most  part  to  be  washed  away  before  the  young  wheat  plant  is  old 
enough  to  appropriate  much  of  it,  and  it  is  mainly  on  the  nitrates 
formed  in  the  spring  and  early  summer  that  the  crop  lives.    Of  course  | 
in  a  fairly  dry  winter  much  of  the  autumn  nitrates  may  be  retained,  | 
and  when  this  is  the  case  the  crop  is  benefited  b}^  food  that  in  a  wet  1 
winter  would  be  wasted.    It  is,  however,  remarkably  interesting  to 
find  that  on  a  soil  absolutely  unmanured  and  continuously  cropped 
for  fifty  years  there  should  still  be  found  within  18  inches  of  the  sur- 
face, from  two  to  three  months  after  harvest,  as  much  nitrate  as 
would  be  annually  carried  off  in  a  year's  crop. 

It  will  be  seen  later  that  the  quantity  found  in  the  surface  soil  is 
practically  the  same  as  at  the  same  time  of  year  in  1881,  twelve  years 
earlier,  and  the  quantity  found  in  the  first  27  Ifoches  is  not  very  dif- 
ferent; and  if  we  allow  for  the  fact  that  the  soil  had  in  1881  been  very 
heavily  rained  on  between  harvest  and  the  time  of  sampling  the  gen- 
eral similarit}^  of  the  results  is  increased. 

Plat  4,  though  unmanured  since  1852,  was  in  its  earlier  years  man- 
ured with  superphosphate  and  ammonium  sulphate.  Although  so  many 
years  have  elapsed,  plat  4  has  (see  Table  1)  on  the  average  yielded 
distinctly  larger  crops  than  jjlat  3,  its  superiority  in  yield  of  grain 
having  persisted  longer  than  in  that  of  straw.  In  1893,  which  waS 
a  very  bad  harvest  year  owing  to  summer  drought,  plat  4  had  yielded 
2  bushels  per  acre  more  grain  than  plat  3,  and  it  is  noteworth}^  thai 
we  find  in  it  some  4^  pounds  less  of  nitric  nitrogen  in  the  first  27 
inches  than  we  find  in  plat  3. 

One  is  naturally  struck  with  the  fact  that,  in  the  first  9  inches,  plat 
2b— the  richer  land — should  show  less  than  half  the  nitric  nitrogen 
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shown  in  its  less  ricli  neighbor,  plat  2a;  but  this  may  be  due  to  mere 
accident  of  the  distribution  of  the  rainfall  during  the  time  of  sam- 
pling. If  we  regard  the  first  and  second  depths  conjointly,  we  find 
that  plat  2b  contains  nearly  56  pounds  of  nitric  nitrogen  per  acre  as 
against  46  pounds  in  plat  2a.  The  nitric  nitrogen  in  the  first  18  inches 
of  the  continuously  dunged  plat  is  equal  to  more  than  3  hundred- 
weight per  acre  of  nitrate  of  soda,  while,  if  the  third  depth  be  included, 
the  quantity  of  nitric  nitrogen  in  the  27  inches  is  equal  to  nearly  4 
hundredweight  of  nitrate  of  soda  per  acre.  But  how  transient  this 
surface  richness  is,  and  how  readih^  and  rapidh^  it  escapes  downward, 
is  seen  by  the  fact  that,  under  the  infiuence  of  recent  rain,  the  actual 
surface  soil — the  first  0  inches — is  already  scarcely  richer  than  that 
of  the  wholty  unmanured  plat  3.  Only  10.53  pounds  out  of  the  68 
pounds  contained  in  the  first  27  inches  remained  at  the  time  of  sam- 
pling in  the  surface  soil.  The  bulk  of  the  recently  formed  nitrates 
had  already  sunk  into  the  second  9  inches,  and  we  may  take  it  that  a 
winter  sampling  would  i^robablyliave  revealed  much  less  nitric  nitro- 
gen in  the  second  dej)th. 

The  rape-cake  plat  is  rich  in  surface  nitrates,  and  in  all  three  depths 
it  closely  resembled,  in  1893,  the  dunged  x^lats,  being  intermediate  in 
richness  between  the  continuously  dunged  plat  and  the  plat  dunged 
for  nine  years  only. 

THE  CHEMICALLY  MANURED  PLATS. 

We  will  now  examine  the  data  obtained  from  the  various  chemically 
manured  X3lats.  The  first  series  that  it  is  convenient  to  consider  is 
the  series  of  i3lats  5  to  8,  all  receiving  a  full  dressing  of  superphos- 
phate, iDotassium,  sodium,  and  magnesium  salts  ("full  minerals"), 
but  Avith  and  without  various  dressings  of  ammonium  salts  applied 
under  similar  conditions  in  the  spring.  For  comparison  we  Avill  also 
again  include  plat  3. 


Table  Sb.—Broadbalk  icheat  soils,  plats  3,  S,  6,  7,  and  c5— Nitrogen  as  nitrates 
{''nitric''  nitrogen)  in  samples  collected  in  October,  1893. 


Depth. 

Plat  3,  un- 
manured. 

Plat  5,  full 
minerals;  no 
nitrogen 
since  1851. 

Plat  6,  full 
mineral  ma- 
nures and 
ammonium 
salts  con- 
taining 
43  pounds 
of  nitrogen 
per  acre. 

Plat  7.  full 
mineral  ma- 
nures and 
ammonium 
salts  con- 
taining 
86  pounds 
of  nitrogen 
per  acre. 

Plat  8,  full 
mineral  ma- 
nures and 
ammonium 
salts  con- 
taining 
129  pounds 
of  nitrogen 
per  acre. 

First  9  inches.  

Pounds. 
9.64 

Pounds. 
10.53 
6.36 

Pounds. 
14.13 

Pounds. 
14.96 

Pounds. 

17.40 

Second  9  inches   

9.22 

12.74 

19.21 

29.17 

Third  9  inches  

2.74 

2. 23 

5.81 

8.54 

8.71 

Fourth  9  inches   - 

.95 

2.98 

5.3^ 

8.71 

Fifth  9  inches--..  

1.00 
.71 

3.47 

4.64 

8.51 

Sixth  9  inches   

3.72 

4.40 

7.46 

Seventh  9  inches  -  -   

1.03 
.92 

3.25 

4. 51 

7. 99 

Eighth  9  inches..  

1.89 

4.02 

7.60 

Ninth  9  inches..-   

.87 

2.46 

4. 29 

6.13 

Tenth  9  inches  

.57 

2. 16 

4.38 

5.64 

1  to 27  inches-  .-. 

21.60 

19.12 

32.68 

42. 71 

55.28 

1  to  72  inches.-   

23.  73 

47. 99 

65.60 

95. 55 

1  to  90  inches  

25.17 

52.61 

74.27 

107. 32 

70 
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Plat  5  has  already  been  discussed  partially  in  tlie  present  section, 
and  also  nnder  the  subject  of  total  nitrogen.  This  plat  has  had  no 
ammonium  salts  for  forty-tAvo  years  prior  to  1893.  It  has,  however, 
yielded  persistently  higher  crops  than  the  unmanured  plat,  the  min- 
erals, no  doubt,  having  enabled  it  to  take  greater  advantage  of  the 
moderate  quantity  of  nitrates  produced  from  the  soil.  In  the  six 
years  1889-1894,  it  averaged  If  bushels  of  grain  and  If  hundred- 
weight of  straw  more  than  plat  3. 

We  have  seen  that,  in  virtue  of  this  greater  annual  yield,  there  has 
been  less  loss  of  surface  nitrogen  than  on  plat  3,  a  distinctly  larger 
percentage  of  total  nitrogen  being  now  found  in  the  surface  soil  of 
plat  5  than  in  that  of  plat  3. 

We  find  in  1893,  in  the  surface  soil  of  plat  5,  slightly  more  nitric 
nitrogen  than  in  that  of  plat  3,  though  in  the  first  27  inches  the 
quantity  is  rather  less  than  in  plat  3,  being  intermediate  between  that 
in  plats  3  and  4. 

More  interesting  is  the  study  of  plats  6,  7,  and  8  in  relation  to  plat 
5,  and  for  all  of  these  we  have  fortunately  full  sets  of  samples  down 
to  a  depth  of  7|  feet.  The  figures  speak  so  plainly  for  themselves 
as  they  stand  in  Table  35  that  it  seems  scarcely  necessar}^  to  enlarge 
upon  them.  The  surface  soils  are  all  richer  than  on  plat  5.  If, 
however,  we  take  the  first  and  second  depths  together,  containing 
respectively  in  plats  5,  6,  7,  and  8,  16.89  pounds,  26.87  pounds,  34.17 
pounds,  and  16.57  pounds  of  nitric  nitrogen  per  acre;  or  the  first  27 
inches,  containing  respectively  19.12  i)ouiids,  32.68  pounds,  42.71 
pounds,  and  55.28  pounds  per  acre  ;  we  at  once  see  that  there  is  a  dif- 
ference according  remarkably  Avitli  the  sequence  of  the  increasing 
annual  supply  of  ammonium  salts.  We  see,  further,  the  same  con- 
stant differences  in  nitric  nitrogen  in  the  lower  depths,  down  to  the 
tenth  or  lowest  depth  sampled.  And  if  Ave  take  the  whole  7^  feet 
comprised  in  the  ten  depths,  we  find  per  acre  in  plats  5,  6,  7,  and  8, 
25.17  pounds,  52.61  pounds,  74.27  pounds,  and  107. 32  pounds  of  nitric 
nitrogen. 

If  Ave  deduct  from  the  three  latter  plats  the  nitrogen  of  plat  5,  we 
find  in  round  numbers  as  folloAA's,  in  the  three  plats  receiAing 
respectiA^ely  43  pounds,  86  pounds,  and  129  pounds  of  nitrogen  per 
acre  per  annum  as  ammonium  salts. 


Table  36. — Excess  of  nitric  nitrogen  in  plats  6,  7,  and  8,  over  that  in  plat  5, 


Plat  6. 

Plat  7. 

Plat  8. 

Nitrogen  in  ammonium  salts  supplied  per  acre  per  annum  

Nitric  nitrogen  per  acre  found  in  soils  and  subsoils  to  a  depth  of 
90  inches,  in  excess  of  plat  5,  receiving  no  ammonium  salts  

Pounds. 
43 

26^ 

Pounds. 
86 

49 

Pounds. 
129 

82 

The  consistency  of  these  differences  is  fairly  Avell  maintained  in 
each  of  the  successiA^e  sectional  depths. 
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The  difference  between  plats  6  and  7  is  almost  exactly  proportional 
to  tlie  annual  dressings  of  ammonium  salts  applied  to  the  two  plats, 
and  also  proportional  to  the  increase  of  crops  obtained  under  their 
respective  influence.  But  in  plat  8,  where  the  still  further  increase 
in  the  annual  dressing  of  ammonium  salts,  although  it  produces  an 
increase  in  crop,  does  not  produce  a  proportional  increase,  but  is  rela- 
tively more  wasteful,  the  quantity  of  unutilized  nitrates  in  the  soil  is 
relativel}^  considerabl}"  greater.  It  is  also  to  be  noticed  that  there  is 
a  much  greater  decline  below  the  depth  of  the  pipe  drainage  in  plats 
6  and  7  than  in  the  case  of  plat  8,  where  the  application  of  ammonium 
salts  is  admittedly  excessive.  As  the  chalk  occurs  not  v-ery  far  below 
the  tenth  depth,  drainage  would  go  on  freely  below,  and  it  is  clear 
that  there  would  be  great  loss  by  natural  drainage  during  the  winter 
months  of  much  rain  and  in  the  absence  of  an  actively  feeding  crox3 
to  consume  the  nitrates  at  the  surface.  It  is  of  course  this  winter 
drainage  that  involves  the  great  loss  of  soil  and  manurial  nitrogen 
which  necessarily  occurs  in  the  growtli  of  wheat  and  similar  cereal 
crops. 

The  autumn  application  of  ammonium  salts,  though  still  experi- 
mentally maintained  on  plat  15,  has  long  been  abandoned  in  practical 
farming.  Its  wastefulness  is  shown  by  the  relative  crop  records  of 
this  plat,  as  compared  with  plat  7,  similarly  manured  but  receiving 
its  ammonium  salts  in  the  spring  (see  Table  1).  Indeed,  it  is  largely 
the  experience  gained  at  Rothamsted  that  led  to  the  abandonment  in 
modern  farming  practice  of  the  autumn  application  of  ammonium 
salts. 

The  nitric  nitrogen  found  in  October  is  less  on  the  plat  that  receives 
its  nitrogenous  dressing  in  the  autumn;  but  at  the  time  of  sampling 
the  annual  dressing  of  ammonium  salts  had  not  been  applied,  and 
much  nitrification  would  occur  subsequently  to  the  application  of  the 
ammonium,  salts  at  the  end  of  October  if  the  rest  of  the  autumn  were 
mild,  and  consequently  greater  loss  of  nitrogen  would  occur  during 
the  winter  rains  than  on  the  spring-dressed  i^lat. 

It  is  observed  at  Rothamsted,  when  ammonium  salts  are  api)lied, 
say,  at  the  end  of  October,  that  if  the  drainpix^es  happen  to  run 
within  a  week  or  two  of  the  sowing,  the  first  collection  of  the  drain- 
age water  will  show  traces  of  ammonia;  but  that  if  there  be  only  a 
da}^  or  two  of  continuous  drainage,  even  so  late  in  the  year,  the 
ammonia  often  wholly  disappears,  the  whole  of  the  nitrogen  in  the 
drainage  being  already  converted  into  nitrates.  Indeed,  in  the  earlier 
years  of  the  experiments,  when  the  ammonium  salts  were  throughout 
for  the  most  part  applied  in  autumn,  the  quantity  of  nitric  nitrogen 
in  the  winter  drainage  of  the  different  i)lats  obviously  bore  a  very 
direct  relation  to  the  quantities  of  ammonium  salts  applied. 

The  application  of  ammonium  salts  is,  in  fact,  virtually  tantamount 
to  an  ai3plication  of  nitrate,  and  it  is  onl}'  because  ammonium  salts 
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are  capable  of  such  rapid  conversion  into  nitrate  that  they  give  in 
practical  farming,  nnder  favorable  conditions  of  soil  and  weather, 
resnlts  closely  approaching  those  obtained  by  the  application  of 
sodinni  nitrate  itself. 

COMPARISON   OF  PLATS   RECEIVING  AMMONIUM    SALTS    AND  SODIUM 
NITRATE,  RESPECTIVELY. 

It  is  of  interest  to  compare  the  plats  receiving  their  nitrogen  as 
ammonium  salts  with  those  receiving  a  corresponding  quantity  of 
sodium  nitrate.  These  are  plats  6  and  9a,  receiving  43  pounds  of 
nitrogen  annually  per  acre;  and  plats  7  and  16,  receiving  86  pounds 
of  nitrogen  per  acre  per  annum,  full  minerals  being  also  supplied  in 
all  cases.  We  have  also  plat  9b  receiving  43  i)ounds  of  nitrogen  per 
acre  per  annum  as  sodium  nitrate,  but  without  any  mineral  manures. 

Table  37. — BroacTbalk  u'heat  soils,  plats  6,  9a,  9h,  7,  and  16 — Nitrogen  as 
NITRATES  ('•  nitric  "  nitrogen)  in  samples  colhctecl  in  October,  1893. 


Depth. 


Nitric  nitrogen,  per  acre,  in 
1893  samples: 

First  9  inches.-  

Second  9  inches.  

Third  9  inches.  

Fourth  9  inches  

Fifth  9  inches  

Sixth  9  inches  

Seventh  9  inches  

Eighth  9  inches  

1  to  27  inches.   

1  to  72  inches  

Annual  produce  per  acre,  six 
years.' 1889-1894: 

Grain  , 

Straw   

Total....  


Plat  6.  full 
minerals, 
with  43 
pounds  ni- 
trogen per 
acre  as  am- 
monium 
salts. 

Plat  9a.  full 
minerals, 
with  43 
pounds  ni- 
trogen per 
acre  as  so- 
dium ni- 
trate. 

Plat  9b,  no 
minerals, 
43  pounds 
nitrogen 
per  acre  as 
sodium 
nitrate. 

Plat  7,  full 
minerals, 

with  86 
pounds  ni- 
trogen per 

acre  as 
ammonium 
salts. 

Plat  16.  full 
minerals, 
with  86 
pounds  ni- 
trogen per 
acre  as 
sodium 
nitrate. 

Pounds. 

U.  13 
12.74 
5.81 
2.98 
3.47 
3.  72 
3. 25 
1.89 
32.68 
47.94 

Pounds. 

16. 62 
19.23 
6.70 

Pounds. 

11.10 
34.86 
18.58 

■ 

Pounds. 

14.96 
19. 21 
8.54 
5.32 
4.64 
4.  40 
4.51 
4.02 
42. 71 
65.60 

Pounds. 

13. 59 
42.58 
20.77 
13.03 
7.82 
5.96 
5.45 
6.28 
76.94 
115.48 

42. 55 

61.54 

1,598 
2,436 

1,807 
3,362 

1.126 
1.932 

2, 113 
3,  766 

2,070 
4,270 

4,034 

5,169 

3, 058 

5,879 

6.340 

Comparing  ]3lats  6  and  9a,  we  find  that  in  the  first  27  inches  of  the 
nitrated  plat  9a  there  are  about  10  pounds  more  of  nitric  nitrogen  per 
acre  than  in  the  ammonium-salts  plat,  both  plats  having  received  the 
same  dressing  of  nitrogen,  but  in  different  forms.  As  this  excess  is 
found  mainly  in  the  two  upper  depths,  it  seems  scarcel}'  likeh'  that  it 
is  wholl}^  or  even  mainly  due  to  the  resting  on  the  surface  soil  of  the 
actual  nitrate  sown  in  the  spring.  The  nitrated  plat  9a  is  a  great  deal 
more  fertile  than  the  ammonium-salts  plat,  and  it  seems  just  possible 
that  the  greater  richness  of  plat  9a  in  nitric  nitrogen  in  October  may 
be  related  to  the  greater  fertility  persistently  maintained  on  plat  Oa 
by  the  use  of  nitrate  and  the  consequently  greater  richness  of  the  soil 
in  crop  residue,  and  therefore  in  organic  nitrogen,  and  to  the  nitri4| 
cation  or  oxidation  of  this  residue.    On  the  other  hand,  it  may  well  M 
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attributable  to  the  creeping  upward,  under  tlie  influence  of  hot  weather, 
of  nitrates  which  may  have  been  washed  down  earlier. 

Up  to  1884,  plats  9a  and  9b  received  twice  the  quantity  of  sodium 
nitrate  that  they  had  received  for  the  nine  years  immediately  prior  to 
1893,  so  that  the  greater  accumulation  of  crop  residue  in  plat  9a  is  no 
doubt  partly  attributable  to  more  liberal  treatment  in  the  past. 

Plat  9b  gets  the  same  dressing  of  sodium  nitrate  as  plat  9a,  bat  with- 
out an}"  mineral  manures,  and  gives  naturally  much  poorer  crops  year 
by  year.  Consequently  it  is  poor  in  organic  crop  residues.  In  the 
first  27  inches  it  contained,  in  1893,  614^  pounds  of  nitric  nitrogen  i^er 
acre,  or  19  pounds  more  than  its  brother  plat  9a.  Unlike  the  case  of 
Oa,  most  of  the  nitric  nitrogen  is  found  in  the  second  and  third  depths. 
It  seems  that  in  plat  9a  more  of  the  applied  nitrate  has  been  used  and 
less  washed  into  the  second  and  third  depths.  On  plat  9b,  where  there 
is  less  utilization,  we  find  much  of  the  residue  of  the  unused  nitrate 
in  the  subsoil ;  but  in  the  surface  soil,  at  this  late  period  of  the  year 
(October),  there  is  less  nitric  nitrogen,  possibly  because  there  is  less 
crop  residue  and  less  oxidation.  Doubtless,  if  we  had  samples  of  the 
lower  depths  we  should  find  much  more  nitrate  that  has  been  wasted 
for  lack  of  mineral  food  to  enable  the  crops  to  take  it  up. 

As  ma}"  be  seen  hereafter,  the  analyses  of  the  soils  of  these  two 
plats  in  1881  showed  very  similar  results,  as  was  very  clearly  pointed 
out  to  you  in  Professor  Warington's  lectures  dealing  with  the  subject 
of  nitrification. 

When  we  turn  to  plats  7  and  16,  similarly  manured  to  plats  6  and 
9a,  but  with  twice  the  quantities  of  ammonium  salts  and  of  sodium 
nitrate,  respectively,  we  find  not  a  great  deal  of  difference  in  the  sur- 
face soil.  In  the  subsoil,  however,  we  find  in  the  second  9  inches 
more  than  twice  as  much  nitric  nitrogen  on  the  nitrated  plat  16  as  on 
the  ammonia-manured  plat  7,  and  about  2^  times  as  much  in  the  third 
depth.  Then  we  have  a  great  decrease  as  we  pass  the  level  of  the 
drainpipes;  still  the  fourth  depth  contains  about  2^  times  as  much  on 
plat  16  as  on  plat  7,  and  although  the  difference  becomes  then  less,  there 
is  much  more  nitric  nitrogen  in  each  succeeding  depth  as  far  as  we 
go.  In  the  first  27  inches  plat  16  contains  about  31  pounds  more 
nitric  nitrogen  per  acre  than  plat  7,  and  in  72  inches  about  50  pounds 
more,  equivalent  to  about  3  hundredweight  of  commercial  nitrate  of 
soda;  a  good  deal  of  which  nitric  nitrogen  has  sunk  too  low  for  there 
to  be  much  hope  of  its  future  recovery,  and  is  as  virtually  lost  as 
though  it  had  escaped  by  way  of  the  drainpipes.  It  should  be  men- 
tioned that  the  crop  on  i3lat  16  was  very  poor,  having  been  injured  by 
so  heavy  an  application  of  manure  in  a  dry  season. 

It  is  not  remarkable,  after  an  annual  spring  dressing  of  550  pounds 
per  acre  of  sodium  nitrate,  to  find  a  large  quantity  of  the  necessarily 
unassimilated  nitrate  in  the  subsoils,  but  as  somewhat  more  nitrogen 
is  usually  assimilated  on  the  nitrated  plat  than  on  the  ammonium 
salts  plat  the  annual  loss  of  nitrogen  must  be  greater  on  plat  7  than 
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on  plat  16,  yet  we  find  less  nitrates  in  the  subsoil.  It  is  true  that 
under  the  unusual  influences  of  the  dry  summer  of  1893  the  crop  of 
plat  9a  was  exceptionally  small,  being  less  than  that  of  plat  7.  The 
difference  in  nitrogen  assimilation,  however,  does  not  account  for  the 
discrepancy.  It  may  be  that  the  complete  nitrification  Df  the  ammo- 
nium salts  is  not  always  as  rapid  as  we  know  it  to  be  sometimes,  and 
that  some  of  the  ammonia  supplied  in  the  spring  is  still  held  in  some 
form  of  temporary  combination  in  the  soil.  The  drainage  waters 
show  that  ammonium  salts  are  not  removed,  as  such,  in  solution. 
Their  nitrification  might  be  thus  protracted,  and  their  passage  down- 
wards as  nitrate  be  more  distributed  over  the  year  than  is  the  down- 
ward passage  of  the  nitrogen  applied  as  sodium  nitrate. 

The  spring  and  summer  of  1893  were  excessively  dry,  and  not 
favorable  to  the  rapid  nitrification  of  ammonium  salts.  If  the  exam- 
ination of  the  soils  was  carried  out  in  another  season  we  might  find 
relatively  more  nitrate  in  the  subsoils  of  the  ammonia-dressed  plats. 
There  is  no  evidence  of  permanent  accumulation  of  ammonium  salts, 
as  such,  in  the  soils;  but  there  may  be  temporary  accumulation.  If 
the  large  unused  excess  is  not  wholly  converted  into  nitrates  we 
should  seem  to  be  driven  to  suppose  that  some  of  it  is  lost  by  decom- 
position into  free  nitrogen — of  which  decomposition,  however,  there 
is  no  evidence,  except  where  there  is  a  large  excess  of  organic  matter 
like  dung. 

COMPARISON   OF  PLATS   RECEIVING   LIKE   DRESSINGS   OF  AMMONIUM 
SALTS  BUT  WITH  VARYING  MINERAL  TREATMENT. 

We  will  now  turn  to  the  series  of  plats  all  receiving  the  same  dress- 
ing per  acre  of  ammonium  salts,  but  differing  as  to  mineral  treat- 
ment. The  nitric  nitrogen  results  for  these  plats  are  shown  in  the 
following  table : 


Table  ^S.—Broaclbalk  ivheat  soils,  plats  S,  10a,  lOh,  11,  12,  13,  and  i^— Nitrogen 
as  NITRATES  {''iiitric^'  nitrogen)  in  samples  collected  October,  1893. 


Depth. 

Plat  3, 
unma- 
nured 

50 
years. 

Receiving  anually  400  pounds  ammonium  salts  contain- 
ing 86  pounds  nitrogen  per  acre. 

Plat  10a. 
with  no 
mineral 
manure 

since 

1844. 

Plat  10b, 
with  no 
mineral 
manure 

since 

1850. 

Plat  li, 
with  su- 
perphos- 
phate. 

Plat  12, 
with  su- 
perphos- 
phate 
and 
sodium 
salts. 

Plat  13, 
with  su- 
perphos- 
phate 
and 
potas- 
sium 
salts. 

Plat  14, 
with  su- 
perphos- 
phate 
and 
mag- 
nesium 
salts. 

First  9  Inches  

Third  9  inches  . .,  

Fourth  9  inches.   

Pounds. 
9.64 
9.22 
2.74 

Pounds. 
12. 52 
25.43 
11.25 

Pounds. 
9.44 
29.06 
13. 99 

Pounds. 
1L67 
24. 58 
14. 88 
11.66 
8.60 
5.02 
4.48 
6.11 
51.13 
35. 87 
87.00 

Pounds. 
14. 16 
25.48 
12. 14 
7.46 
5.85 
5.05 
5.36 
5.31 
51.78 
29.03 
80.  81 

Pounds. 
13. 92 
26. 15 
9.44 
4.68 
3.52 
3. 80 
3.54 
3.56 
49.51 
19.10 
68.61 

Pounds. 
13.38 
30. 99 
11.78 
6.85 
6.10 
5.39 
5.62 
6. 80 
56. 15 
30.76 
86.91 

Fifth  9  inches   

Sixth  9  inches    

Eighth  9  inches.   

28  to  72 inches.  

21.60 

49.20 

52.49 

1  to  72  inches   

1 
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In  1893  there  was  an  underaverage  crop  and  an  iinderaverage  rain- 
fall, and  therefore  less  than  average  ntilization  of  nitrates  and  prob- 
ably later  and  less  complete  nitrification,  and  certainly  less  than  aver- 
age loss  by  drainage  and  downward  percolation.  The  crojj  of  the 
f ollomng  year  was  a  comparativeh'  large  one — far  above  average — and 
evidently  got  the  benefit  of  much  nitrogen  that  would  after  an  ordi- 
narj'  season  have  been  lost. 

Most  of  the  unused  nitrates  are  seen  to  be  in  the  second  depth. 
In  the  surface  depths  the  poorest  plats — excluding,  of  course,  plat  3, 
which  is  placed  in  the  table  for  comparison  only — are  plats  10a,  10b, 
and  11.  The  last-named,  which,  with  ammonium  salts,  receives  only 
superphosphate  without  any  alkaline  salts,  gives  smaller  crops  than 
plats  12,  13,  and  14,  and  therefore  contains  less  crop  residue.  Plats 
12,  13,  and  14,  though  utilizing  more  nitrogen,  have  more  nitrates 
near  the  surface,  owing  j)i'obably  to  more  active  nitrification.  The 
most  interesting  results,  however,  in  this  table  are  those  showing  the 
nitric  nitrogen  contained  in  the  third  and  subsequent  lower  depths 
of  plats  11,  12,  13,  and  14. 

Unfortunately  there  are  no  samj^les  of  the  fourth  and  lower  depths 
for  plats  10a  and  10b,  but  we  have  samples  of  eight  depths  for  plats 
11,  12,  13,  and  14.  As  we  enter  the  third,  and  more  especially  as  we 
descend  into  the  fourth  and  lower  depths  of  these  plats,  we  are  at 
once  struck  with  the  very  much  larger  quantity  of  nitrates  found  on 
plat  11,  the  most  poorly  yielding  plat  of  the  series,  viz,  the  ijlat  which, 
though  receiving  the  same  nitrogen  and  phosphates  as  the  others, 
receives  no  alkalies.  We  find,  despite  the  fact  that  we  are  below  the 
level  of  the  drainpipes  in  the  fourth  depth,  11.66  pounds  of  nitric 
nitrogen  per  acre  in  plat  11,  while  the  other  plats  average  only  about 
6  pounds.  In  the  fifth  depth  ]3lat  11  again  shows  us  8.60  pounds 
against  an  average  of  about  5  pounds  in  the  others;  in  the  sixth 
deiDth,  5.02  X30unds,  as  against  an  average  of  about  4.6  pounds  in  the 
others;  in  the  seventh  depth,  4.48  pounds,  as  against  an  average  of 
4.7x30unds  in  the  others;  and  in  the  eighth  depth,  6.11  pounds,  as 
against  an  average  of  nearly  5  pounds  in  the  others.  Altogether 
below  the  level  of  the  drainage  (27  inches)  we  have  in  the  five  depths 
35.87  pounds  of  nitric  nitrogen  in  plat  11  against  an  average  of  25.44 
pounds  in  the  other  plats,  a  difference  of  10.43  pounds.  This  very 
marked  difference  concords  with  the  fact  that  plat  11,  though  receiv- 
ing, like  the  others,  abundant  dressings  of  phosphates  as  well  as 
ammonium  salts,  receives  no  potassium,  sodium,  or  magnesium  salts 
and  consequent^  utilizes  far  less  of  the  applied  nitrogen. 

In  fact,  in  the  ten  years  from  1882  to  1891  the  nitrogen  annuall}" 
removed  in  the  croi3s  of  plat  11  was,  on  the  average,  11  pounds  per 
acre  per  annum  less  than  on  plats  12,  13,  and  14. 

^Yhen  we  regard  i)lats  12,  13,  and  14  we  see  that  in  their  lower 
depths  the  least  quantity  of  nitric  nitrogen  is  in  i)lat  13,  which 
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receives  potassmm  salts  and  on  wliicli  the  crops,  in  virtue  of  the 
potash  supplied,  are  able  to  assimilate  more  nitrogen  and  are  conse- 
qnentty  more  Inxnriant.  This  plat  shows  for  the  fourth  to  the  eighth 
depths  19  pounds  of  nitric  nitrogen  per  acre,  while  plats  12  and  14 
show  in  the  like  depths  29  pounds  and  30f  pounds,  respectively.  These 
two  latter  plats  received  some  potash  dressings  during  the  first  ten 
years,  prior  to  1852,  and  have  ever  since  shown  greater  fertility  and 
greater  nitrogen-assimilating  power  than  plat  11.  This  is  probably 
not  wholly  due  to  the  survival  of  the  effects  of  the  early  potash  dress- 
ings. These  two  plats  have  since  1852  been  respectively  supplied 
with  annual  dressings  of  sodium  and  magnesium  salts,  the  soil-solvent 
action  of  which  has  i)i'obably  liberated  natural  soil  potash.  But  in 
any  case  they  have  grown  larger  crops  than  plat  11,  assimilating, 
therefore,  more  of  their  nitrogen  supply — a  fact  which  accords  most 
interestingly  with  the  smaller  quantity  of  nitrates  in  their  subsoils. 

HOW  FAR  DO  THE  XITRATES  FOUND  ACCOUNT  FOR  NITROGEN  LOST? 

In  Table  26  we  constructed  a  balance  account  for  the  nitrogen  sup- 
plied to  various  plats,  the  nitrogen  removed  in  the  crops,  found  in  the 
surface  soil,  and  not  accounted  for — the  unaccounted  for  nitrogen 
being  described  as  mainly  nitrogen  lost  in  drainage  and  the  small 
quantity  possibly  accumulated  in  the  subsoil.  We  took  as  a  standard 
plat  3  (unmanured).  If  we  reconstruct  the  table,  taking  plat  5 
(minerally  manured  but  receiving  no  nitrogen)  as  the  standard,  we 
get  slightly  different  but  equally  comx:)arable  figures  which  are  more- 
convenient  for  our  X3resent  purpose.  The  table  will  then  be  nearly 
on  the  same  lines  as  that  of  Sir  Henry  Gilbert,  given  in  his  lectures 
to  you  (p.  156),  in  which  he  estimated  the  annual  additions,  removals, 
accumulations,  and  losses  of  nitrogen  for  the  plats  over  a  period  of 
thirty  years — 1852-1881.  The  table  was  based  on  the  results  chron- 
icled and  discussed  in  the  paper  on  the  rain  and  drainage  waters  at 
Rothamsted,  referred  to  on  page  49,  and  included  an  estimate  of  the 
nitric  nitrogen  contained  in  the  pipe  drainage  from  the  various  plats 
based  uj^on  a  large  number  of  analyses,  but  not  X3uri30rting  (owing  to 
the  incompleteness  of  the  analyses)  to  be  more  than  a  i3robably  fair 
estimate.  The  earlier  results  were,  however,  supplemented  by  the 
results  obtained  by  the  analysis  of  the  1881  soil  samples.  I  have 
endeavored,  in  a  corresi3onding  table,  to  arrive  at  an  estimate  for  the 
longer  period  of  fifty  years,  lasting  from  the  beginning  of  the  experi- 
ments to  1893.  The  figures  for  the  accumulations  of  total  nitrogen  are 
based  on  the  analyses  of  the  1893  samples,  and  the  crop  estimates  are 
based  on  actual  analyses  of  the  produce  for  forty  years,  and  on  an  esti- 
mate made  for  the  crop  yields  of  each  plat  for  the  earlier  years  in  which 
analyses  of  the  grain  and  straw  were  not  made.  The  average  annual 
estimates  are  jn'obably  correct  within  about  1  pound  per  acre.  The 
estimates  of  loss  by  drainage,  however,  are  adopted  from  Sir  Henry 
Gilbert's  former  estimates. 
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Table  39. — Broadhalk  icheat  soils,  plats  10,  11,  12,  13,  11^,  and  7 — Supply,  esti- 
mated removal,  accumidation,  and  loss  of  nitrogen  by  drainage,  etc. 


Nitrogen  per  acre  per  annum  in  excess  of  that  for  plat  5. 


Added 
in  ma- 
nure. 

Remov- 
ed in 
crops. 

Annually 
accumulat- 
ed in  sur- 
face soil. 

Estimated 
loss  from 
drain 
pipes. 

Unaccount- 
ed for  (sub- 
soil drainage 
or  accumu- 
lation and 
any  other 
losses). 

1852-1881  (30  years): 

Plat  10  

Plat  11   -  

Plat  12   

Plat  13  

Plat  U   

Plat  7    

Average  

Pounds. 
86 
86 
86 
86 
86 
86 

Pounds. 
12.4 
17.7 
22.2 
23.4 
24.1 
25.  9 

Pounds. 
a  4. 8 
a  11. 6 
a  14.  6 
al7.8 
a  15. 5 
a  19. 3 

Pounds. 
31.2 
28.5 
24.5 
25.6 
27.5 
19.0 

Pounds. 

37.6 
28.2 
24.7 
19.2 
18.9 
21.8 

20.9 

a  13. 9  !          26.0  25.1 

1843-1893  (50  years) :  b 

Plat  10a  

Plat  10b  

Plat  11  

Plat  12  

Plat  13  -  

Plat  14   

Plat  7  

86 
86 
86 
86 
86 
86 
86 

8.0 
11.0 
15.0 
17.0 
21.0 
20.0 
25.0 

c3.0 
c3.0 
c6.0 
c9.5 
cB.O 
cl2.5 
cll.O 

31.0 
31.0 
28.5 
24.5 
25.5 
27.5 
19.0 

44.0 
41.0 
36.5 
35.0 
31.5 
26.0 
31.0 

16.7 

c7.6  26.7 

35.0 

a  Soil  accumulation  based  on  analyses  of  1881  samples. 
b  See  note  "a,"  Table  26,  p.  49. 

c  Soil  accumulation  based  on  analyses  of  1893  samples. 


The  estimated  annual  quantity  of  nitrogen  in  excess  of  plat  5, 
yielded  in  crops  over  the  fifty  years  1843-1893,  as  compared  with  the 
thirty  years  1852-1883,  is  lower  throughout,  chiefly  owing  to  the  higher 
average  yield  of  nitrogen  in  plat  5 — namely,  24  x3ounds  per  acre  X3er 
annum  instead  of  20.3  pounds — arrived  at  by  including  the  earlier 
3^ears  of  the  exi)eriments,  when  plat  5  received  dressings  of  ammo- 
nium salts  and  gave  far  higher  crops  than  since  1852.  Then  the 
annual  soil  accumulation — one-fiftieth  of  the  difference  found  in  1893 
in  the  surface  soil  in  excess  of  plat  5 — is  less  than  was  shown  over  the 
thirty-year  period,  there  being  necessary  limits  to  accumulation,  and 
the  differences  becoming  smaller  when  they  are  reduced  to  average 
annual  differences  over  so  many  years.  When  the  estimated  annual 
quantity  unaccounted  for  is  averaged,  the  fLttj-jesbV  period  shows,  as 
we  should  expect,  a  greater  annual  loss.  The  chief  difference  is  in 
plat  11,  which  has  accumulated  nothing  on  the  average  since  1881, 
while  i3lat  5,  with  wliich  it  is  coin|)ared,  has  only  lost  about  2  pounds 
per  acre  per  annum.  Indeed  all  the  surface  soils  but  that  of  plat  14 
are,  according  to  the  1893  analyses,  somewhat  lower  in  total  nitrogen 
than  in  1881,  and  the  annual  loss  of  nitrogen  in  drainage,  in  propor- 
tion to  the  nitrogen  supplied,  would  appear  to  be  in  later  years  above 
the  average  estimates  for  the  fifty  years.  Now,  in  1881  no  subsoil 
samples  were  taken  below  the  third  depth,  and  the  conclusion  that 
the  loss  unaccounted  for  in  the  x)ipe-drainage  waters  was  mainly  in 
subsoil  drainage,  though  a  fair  deduction,  was  without  means  of 
proof.    It  is  therefore  interesting  to  see  how  far  the  examination  of 
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the  deeper  subsoils  sampled  in  1893  helps  to  corroborate  the  conclu- 
sion.   This  is  seen  in  the  following  table: 


Table  40. — Broadhalk  ivheat  soils,  plats  10a,  lOh,  11,  12,  13,  11^,  and  7— Estimated 
loss  of  nitrogen  compared  ivith  the  nitrates  actually  found. 


Estimated  average 
annual  loss  of  ni- 
trogen per  acre  in 
excess  of  plat  5  not 
accounted  for  in 
pipe  drainage. 

Nitrogen  as  nitrates  found  per  acre  in  1893 
in  excess  of  that  in  corresponding  depths 
of  plat  5. 

1881  (30 
years). 

1893  (50 
years). 

First,  sec- 
ond, and 
third 
depths 
(1  to  27 
inches). 

Second 
and  third 
depths  (9 

to  27 
inches). 

Fourth  to 

eighth 
depths  (27 
to  72 
inches). 

First  to 
eighth 
depths  (1 

to  72 
inches). 

Plat  10a   

Pounds. 

\         37. 6 

28.2 
24.7 
19.2 
18.9 
21.8 

Pounds. 
J  44.0 
I  41.0 
36.5 
35.0 
31.5 
26.0 
31.0 

Pounds. 
30.1 
33.4 
32.0 
32.7 
30.4 
37.0 
23.6 

Pounds. 
28.1 
34.5 
30.9 
29.0 
27.0 
34.2 
19.2 

Pounds. 

Pounds. 

Plat  10b   - 

Plat  11   

Plat  12    

Plat  13-    

Plat  14  

Plat?    

Average    

31.3 
24.4 
14.5 
26.1 
38.3 

63.3 
57.1 
44.9 
53.2 
41.9 

25.1 

35.0 

31.3 

29.0 

26.9 

52.1 

Mtrates  are  shown  to  exist  at  a  considerably  greater  depth  than  72 
inches.  For  instance,  plat  7,  in  its  ninth  and  tenth  depths  contains 
8.7  pounds  per  acre  more  of  nitric  nitrogen.  The  other  plats  were  not 
sampled  more  deeply.  How  long  a  given  quantity  of  nitric  nitrogen 
takes  to  travel  down  below  this  depth  we  can  not  say  and  therefore 
we  do  not  know  how  much  of  the  subsoil  nitrates  was  formed  within  a 
year.  But  at  all  events,  viewing  the  matter  broadly,  we  seem  to  find 
existing  at  one  time  in  the  soil  and  subsoil  sufficient  nitrates  to  fairly 
justify  the  conclusion  that  the  annual  loss  of  ammonia  is  well  accounted 
for.  However,  as  has  been  already  said,  although  ammonium  salts 
nitrify  rapidly  under  favorable  circumstances,  it  is  nevertheless  possi- 
ble, and  indeed  probable,  that  some  of  the  ammonia  of  the  ammonium 
salts  applied  in  the  very  dry  season  of  1893  had  not  become  nitrified 
at  the  time  at  which  these  samples  were  taken. 


CHLORIN. 

GENERAL  DISCUSSION  AND   FULL   STATEMENT   OF  ANALYTICAL 

RESULTS. 

Before  proceeding  to  further  discuss  the  nitrogen  question,  we  may 
pause  a  while  here  to  consider  the  results  of  the  determinations  of 
chlorids  in  the  various  soils  and  subsoils,  as  these — being,  like 
nitrates,  soluble  and  migratory  constituents— throw  some  light  upon 
the  movements  of  water  in  the  soil,  and  are  indirectly  interesting  in 
connection  with  the  question  of  soil  nitrates  and  their  movements. 
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One  point  of  interest  in  determining  the  amonnt  of  clilorin  was  as 
some  gauge  of  the  migrations  of  soil  constituents  in  the  soil  and  sub- 
soil. The  subject  is  also  of  interest  inasmuch  as  chlorin,  like  sul- 
phuric acid  and  nitric  acid,  is  responsible  for  the  removal  of  lime  from 
the  soil  in  the  form  of  drainage.  The  following  table  shows  the  chlorin 
existing  as  chlorids  found  in  the  1893  samples  of  each  plat  to  each 
depth  sampled.  The  results  are  stated  as  parts  per  million  of  fine 
dry  soil  and  as  pounds  per  acre. 
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You  may  he  reminded  that  a  large  quantity  of  chlorin  is  supplied 
to  many  of  these  soils  in  the  form  of  ammonium  chlorid,  for,  in  every 
case  in  which  ammonium  salts  are  used  they  consist  half  of  ammo- 
nium sulphate  and  half  of  ammonium  chlorid.  Of  the  chemically 
manured  fjlats,  plat  5  alone  receives,  intentionally,  no  chlorin,  but  a 
small  quantity  is  introduced  as  impurities  in  the  other  commercial 
saline  matters  used  as  mineral  dressings.  Thus  we  notice  that  there 
is  more  chlorin  in  the  upper  depths  of  plat  5  than  in  the  correspond- 
ing depths  of  i3lat  3  or  plat  4,  Avhich  receive  nothing  but  the  chlorin 
which  annually  finds  its  way  into  the  land  in  rain.  In  the  dunged  ^ 
plats,  down  to  the  third  dex)th,  we  find  on  the  average  about  twice  as 
much  chlorin  as  in  the  unmanured  plats. 

The  plats  manured  with  ammonium  salts  are,  as  we  should  expect, 
richer  in  chlorin  than  the  plats  not  so  manured,  though  the  quantity 
found  in  the  surface  soils  is,  as  a  rule,  smaller  than  we  might  expect, 
owing,  no  doubt,  to  washing  down  from  the  surface  soils  into  the 
lower  depths  during  the  rains  between  harvest  and  the  time  of  col- 
lecting the  soil  samples. 

The  quantity  of  chlorin  contained  in  the  lower  depths  of  the  plats, 
the  samx^ling  of  which  has  been  carried  down  deeply,  especially  of, 
plat  5 — which  receiA^es  no  chlorids  except  as  impurities  in  its  mineral 
manures — is  far  higher  than  would  have  been  expected.  The  total 
quantity  of  chlorin  contained,  from  the  surface  to  the  tenth  deptl 
(90  inches),  is  nearly  153  pounds  per  acre,  or  15.29  pounds  per  acre, 
on  the  average,  for  each  depth  of  9  inches.  On  the  whole,  too,  this 
quantity  is  fairly  uniformly  distributed. 

Now,  the  average  quantity  of  chlorin  which  falls  annually  in  the 
rainfall  at  Rotliamsted,  as  calculated  on  observations  for  twenty-twc 
harvest  years,  1877-78  to  1808-99,  was  11.75  pounds.  Observations 
made  on  the  waters  running  through  the  soil  drain  gauges  during  the 
same  time  have  shown  that  the  chlorin  in  the  drainage  from  the  gauge 
containing  20  inches  of  soil  has  averaged  14.20  pounds  per  annum; 
that  in  the  water  from  the  gauge  containing  10  inches  of  soil,  15. 2J: 
pounds;  and  that  in  the  water  from  the  gauge  containing  60  inches  of 
soil,  13.90  pounds,  the  average  of  the  three  being  14.16  pounds  per 
annum — that  is  to  say,  the  average  annual  quantity  of  chlorin  con- 
tained in  the  water  flowing  from  the  soil  drain  gauges  is  almost 
exactly  equal  to  the  average  annual  quantity  coming  down  in  rain. 
Yet  we  see  that  the  soil  of  x)lat  5  in  the  Broadbalk  wheat  field  retains, 
on  the  average,  within  each  depth  of  9  inches  down  as  far  as  90  inches, 
a  quantity  of  chlorin  equivalent  to  that  which  falls  upon  its  surface 
each  year  in  the  form  of  rain.  In  other  words,  down  to  a  depth  of  90 
inches  the  soil,  though  continually  subjected  to  the  washing  influence 
of  the  rain,  contains  a  quantity  of  chlorids  equivalent  to  that  which 
falls  upon  it  during  ten  A'ears,  neglecting  the  very  few  pounds  annu- 
all}^  supplied  to  it  as  impurities  in  the  manures.  \ 
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When  we  examine  the  figures  for  the  plats  actually  receiving 
chlorids,  ver}^  interesting  differences  are  found.  Where  43  i30unds  of 
nitrogen  X3er  acre  is  annuall}'  supplied  as  ammonium  salts  (half  as 
chlorid),  as  on  plat  6,  56  pounds  of  chlorin  will  be  included  in  the 
dressing.  On  the  various  plats  receiving  86  pounds  of  nitrogen  i3er 
acre  as  ammonium  salts,  the  annual  quantity  of  chlorin  included  is 
112  pounds,  and  where  129  pounds  of  nitrogen  per  acre  is  supplied,  as 
on  plat  8,  168  pounds  of  chlorin  are  included  in  the  dressing. 

If  we  comi3are  the  figures  relating  to  plats  5,  6,  7,  and  8,  we  see 
that,  though  there  is  practicall}^  little  difference  in  the  first  9  inches, 
there  is,  if  we  take  the  second  and  third  depths,  more  chlorin  in  the 
soil  the  more  there  has  been  applied  in  manure,  though  the  difference 
is  not  precisely  proportional;  and  in  the  lower  (fourth  to  tenth)  depths 
there  is,  in  ever}'  case  but  one,  more  chlorin  found  in  the  soil  of  plat 

6  than  in  that  of  plat  5,  more  in  that  of  plat  7  than  in  that  of  plat  6, 
and  more  in  that  of  plat  8  than  in  that  of  plat  7.  Taking  into  account 
the  total  depth  of  90  inches,  the  chlorin  found  in  plat  5  amounts  to 
152.94  i3ounds  per  acre;  that  in  plat  6  to  195.98  pounds;  that  in  plat 

7  to  241. 35  pounds;  and  that  in  plat  8  to  318.57  pounds.  Plats  6,  7,  and 
8,  therefore  contain  in  their  ten  depths,  in  round  numbers,  respectively, 
43  pounds,  88  pounds,  and  165  x)ounds  in  excess  of  what  we  find  in  plat 
5,  numbers  which  bear  on  the  whole  a  striking  resemblance  to  the 
quantities  of  chlorin  contained  in  the  ammonium  salts  supplied  to  each 
plat — namely,  56  pounds,  112  pounds,  and  168  pounds,  respectively. 
We  therefore  find,  retained  in  the  total  ten  depths  of  9  inches  each, 
the  chlorin  of  ten  3'ears'  rainfall,  and  in  addition  approximately  that 
of  one  year's  application  of  ammonium  salts.  The  chalk  is  not  far 
beloAv  these  ten  depths,  and  there  will  doubtless  be  a  large  annual  loss 
b}^  drainage  carrj^ng  off  bases  from  the  soil  combined,  among  other 
forms,  as  chlorids.  It  is  certainly  very  remarkable  to  find  that  a  con- 
stituent whose  salts  are  so  soluble  as  those  of  chlorin  should  be 
retained  to  so  great  an  extent  in  the  soil,  or  that  the  amount  retained 
should  bear  such  obvious  relation  to  the  annual  sources  of  supply. 
It  would  seem  that  the  clay  enters  into  some  sort  of  combination 
with  the  chlorids  from  which  they  are  only  dislodged  by  a  very  free 
application  of  water. 

The  difficulty  of  removing  chlorids  from  soil  by  i)ercolation,  except 
when  a  relatively  very  large  quantit}^  of  water  was  used,  was  demon- 
strated in  some  experiments  described  in  the  paper  on  the  rain  and 
drainage  waters  at  Rothamsted,  referred  to  on  p.  49. 

Referriuj^'  to  the  results  recorded  for  plats  11,  12^  13,  and  11,  where 
the  same  quantity  of  ammonium  salts  is  applied  annually  with  differ- 
ent mineial  manures,  it  is  seen  that  the  total  retention  of  chlorin, 
doAvn  to  8  times  9  inches,  varies  but  very  little,  though  considerable 
variations  arc  found  in  the  first  3  depths. 

Comparing  plats  15  and  16,  the  former  of  which  receives  ammonium 
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salts  every  year  containing  112  i3onnds  of  clilorin  xier  acre,  the  latter 
having  received  for  ten  years  the  same  quantity  of  nitrogen  as  plat 
15,  bnt  in  the  form  of  sodium  nitrate,  we  find  the  quantities  of  chlo- 
rin  contained  in  the  eight  depths  examined  to  be,  respectively,  in  round 
numbers,  232  pounds  and  118  pounds  per  acre;  the  ditference  of  114 
pounds  being  almost  exactly  tlie  quantity  of  chlorin  contained  in  a 
year's  application  of  ammonium  salts.  On  the  sodium  nitrate  plat  the 
quantity  of  chlorin  is  almost  the  same  as  on  plat  5,  without  ammo- 
nium salts. 

It  will  be  noticed  throughout  that  below  the  first  two  or  three  depths 
there  is  comparative  uniformity  in  the  quantity  of  clilorin  found  from 
depth  to  depth  in  each  plat,  and  the  ditferences  are  probably  due  to 
more  or  less  of  absorbent  clayey  matter,  with  corresponding  varia- 
tions to  the  quantit}^  of  sand  or  gravel  which,  when  in  excess  would 
tend  to  aid,  and  when  in  deficiency  to  retard,  percolation. 

CHLORIN  IN  CROPS. 

It  is  interesting  here  to  see  the  quantities  of  chlorin  contained  in 
the  crops  x^roduced  on  the  various  plats.  The  forowing  table  (Table 
43)  shows  this  for  some  of  the  plats  over  a  period  of  forty  seasons, 
namely,  from  1852  to  1891.  The  chlorin,  it  should  be  observed,  is 
mainly  found  in  the  straw  as  j^art  of  the  miscellaneous  unassimilated 
matters  of  the  stems  and  leaf,  the  quantity  in  the  grain  itself  being 
comparatively  trifling. 

Table  43. — Broadhalk  iclieat  plats — Chlorin  per  acre  removed  per  annum  in  total 
produce  {grain  and  straic). 
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Chlorin  in  grain  and  straw  per  acre: 

Average  of  10  years— 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

1852-1861.  

6.78 

1.71 

2.59 

8.52 

3.32 

4. 10 

3.59 

6.05 

8.27 

7.54 

1863-1871   

7.26 

1.58 

2.12 

9.33 

2.  79 

3.70 

4.65 

5.  74 

9.81 

6.00 

1873-1881   

3.50 

.82 

1.17 

7.03 

1.24 

1.38 

1.83 

3.04 

6.58 

3.19 

1882-1891   

7.75 

1.15 

1.46 

12. 25 

2.26 

2.64 

1.87- 

4. 19 

9.69 

4.06 

Average.  

6.32 

1.32 

1.8-i 

9.28 

2.  40 

2.96 

2.99 

4.76 

8.59 

5.20 

Total  produce  per  acre  (grain  and 

straw) : 

4:2  years'  average  

5, 755 

1,934 

2,242 

5,629 

3,104 

3,501 

3. 988 

4,973 

5. 365 

5,113 

Chlorin  per  1.000  pounds  of  produce 

(grain  and  straw),  average  

1.09 

0.68 

0.82 

1.65 

0. 77 

0.85 

0.75 

0.  96 

1.60 

1.01 

It  is  evident  from  the  results  given  in  this  table  that  a  high  propor- 
tion of  chlorin  in  the  crops  is  not  merely  related  to  an  abundant  sup- 
ply of  chlorin  in  manure.  For  instance,  the  produce  of  plat  5,  which 
receives  no  chlorids,  contains,  in  relation  to  its  weight,  no  less  chlorin 
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than  that  of  plats  10  and  11,  receiving  ammonium  chlorid  (and  sul- 
X)hate)  with  and  Avithont  phosphates.  The  quantity  of  chlorin  con- 
tained in  the  produce  of  plat  12,  to  which  sodium  sulphate  is  applied 
in  addition  to  the  ammonium  chlorid,  ammonium  sulphate,  and  super- 
phosphate, is,  in  relation  to  its  weight,  a  little — but  not  much — higher, 
and  still  a  little  higher  in  the  case  of  the  dunged  plat.  But  all  these 
plats,  with  the  exception  of  7  and  13,  show  a  ratio  of  chlorin  to  produce 
comprised  within  a  range  of  from  0.68  (unmanured  i)lat)  to  1.09 
(dunged  plat)  per  1,000  pounds  of  grain  and  straw.  But  on  jjlats  7 
and  13,  the  plats  which,  in  addition  to  ammonium  salts  and  super- 
phosphate, receive  x)otassium  sulphate,  the  ratios  of  chlorin  to  produce 
are  1.65  and  1.60,  respectively,  per  1,000  i3ounds  of  produce.  These 
two  plats  are  the  healthiest,  most  flourishing,  and  most  abundantly 
yielding  of  all  the  chemically  manured  plats,  as  has  been  already  more 
than  once  pointed  out;  and  their  prosperous  condition  is  without 
doubt  the  direct  result  of  the  potash  supplied  to  them.  But  the 
dunged  x^lat  is  also  a  prosperous  plat,  and  yields  heavier  crops  than 
these;  yet  the  chlorin  contained  in  a  given  weight  of  its  x)roduce  is 
much  less  than  in  the  case  of  plats  7  and  13.  The  presence  of  the 
increased  quantity  of  chlorin  in  the  crops,  therefore,  can  not  be 
regarded  as  merely  a  necessary  index  of  well-being  or  of  vigorous 
growth. 

The  high  ratio  of  chlorin  to  produce  on  plats  7  and  13  can  not  be 
attributed  to  accident.  'Not  only  are  the  plats  far  apart  on  the  field, 
but  their  altogether  exceptional  chlorin  contents  are  deduced  from 
analyses  of  the  ashes  ranging  over  forty  years,  and  the  high  chlorin 
results  in  the  crops  of  both  plats  are  persistently  shown  in  each  ten 
years'  average. 

Chlorin  is  apx)lied  to  the  soil  in  the  form  of  ammonium  chlorid;  but 
this  form  we  know,  of  course,  it  can  not  retain,  for  its  ammonia  is 
converted  into  nitrates,  and  the  chlorin  must  combine  with  other 
bases,  the  most  obvious  being  calcium.  It  seems  possible  that  the 
calcium  chlorid  first  formed  may  to  some  extent  decompose  the  potas- 
sium sulphate  present  on  these  plats,  forming  potassium  chlorid,  and 
that  potassium  chlorid  may  be  more  freely  taken  up  by  the  plants 
than  sodium  chlorid.  It  is  true  that  plat  13  was  found,  in  the  1893 
soil  sample,  to  contain  in  its  second  depth  a  much  larger  quantity  of 
chlorin  than  its  neighbors — plats  11,  12,  and  14;  but  this  was  not 
noticed  to  be  the  case  with  plat  7. 

AVe  have  records  of  the  potash  contained  in  the  crops  over  the  same 
period,  and  from  these  it  appears  that  increase  in  the  potash  contained 
in  the  crops  per  acre  is  in  every  case  accompanied  by  an  increase 
in  the  chlorin  contained  in  the  crops;  and  if,  instead  of  regarding  the 
quantities  per  acre,  we  regard  the  quantities  contained  per  1,000 
pounds  of  produce,  and  take  the  plats  that  are  strictly  comparable 
(e.  g.,  plats  11,  12,  13,  14,  and  7),  including  also  plat  2,  we  find  that 
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increase  of  potash  for  a  given  weight  of  crop  is  accompanied  by 
increase  of  chlorin.    This  is  seen  in  the  following  table : 


Table  44. — Broadbalk  wheat  soils — Potash  and  chlorin  in  crops  on  various  plats. 


Plat  3,  unmanured. 

Plat  5,  minerals 
only. 

Plat  10a,  ammonium 
salts  only. 

Plat  10b,  ammonium 
salts  only. 

Plat  11,  phosphates 
and  ammonium 
salts. 

Plat  12,  phosphates, 
sodium,  and  am- 
monium salts. 

Plat  14,  phosphates, 
magnesium,  and 
ammonium  salts. 

Plat    2,  farmyard 
manure. 

Plat  13,  phosDhates, 
potassium,  and 
ammonium  salts. 

Plat  7,  full  minerals 
and  ammoniura 
salts.  1 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

Lhs. 

Potash  per  acre  in  produce, 

annually,  over  40  years. . . 

14.29 

19. 91 

30.37 

23.07 

23.35 

35. 01 

36. 80 

50 

51.57 

53.06 

Chlorin  per  acre  in  prod- 

uce,  annually,  over  40 

years  

1.32 

1.84 

2.40 

2. 96 

2.99 

4. 76 

5.20 

6.30 

8.59 

9.28 

Potash  contained  in  1,000 

pounds  of  average  prod- 

uce (grain  and  straw) 

annually  

5.85 

7.04 

7.^0 

8.97 

9. 32 

9.40 

Chlorin  contained  in  1,000 

pounds  of  average  prod- 

uce (grain  and  straw) 

.  75 

.96 

1.01 

1.09 

1.60 

1.65 

ACTION  OF  AMMONIUM  SALTS  ON  THE  LIME  OF  THE  SOIL. 

A  paper  ''On  the  composition  of  waters  of  land  drainage,"  by  the 
late  Dr.  Augustus  Voelcker,  F.  R.  S./  gives  the  detailed  results  of 
the  examination  of  a  large  number  of  samples  of  drainage  water  col- 
lected from  the  Broadbalk  field  and  supplied  to  him  for  the  purpose 
by  Messrs.  Lawes  and  Gilbert  in  the  years  1866,  1867,  1868,  and  1869. 
These  results  are  the  only  ones  in  existence  giving  complete  analyses 
of  the  mineral  constituents  of  these  drainage  waters;  and  the  results 
of  Dr.  Yoelcker's  analyses  are  summarized  and  expressed  as  parts  per 
million  in  the  Rothamsted  paper  "On  the  amount  and  composition  of 
the  rain  and  drainage  waters  collected  at  Rothamsted,"  already  sev- 
eral times  referred  to.  (See  p.  49.)  The  results  of  the  mean  analyses 
are  given  as  follows : 


^Journal  of  the  Royal  Agricultural  Society  of  England,  2.  ser.,  10  (1874),  pp. 
132-165. 
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Table  ih.—BroadhaJk  icheat  plats — Composition  of  drainage  icaters,  in  parts  per 
million;  samples  collected  in  1866,  1867,  1868,  and  1869  (Dr.  Augustus  Voelckers 
analyses). 

[Results  of  mean  analyses.] 


Total 
solid 
mat- 
ter. 

ijime. 

Mag- 
nesia. 

Pot- 
ash. 

boda. 

Nitrog 

Ammo- 
nia. 

en  as- 
Nitric 
acid. 

Chlo- 
rin. 

Sul- 
phuric 
acid. 

Phos- 
phoric 
acid. 

Plat  2  

476.1 

147.4 

4.9 

5.4 

13.  7 

0.16 

16.1 

20.7 

106. 1 

Plat  3  and  4   

246.4 

98.1 

5.1 

1.7 

6.0 

.12 

3.9 

10.7 

24.7 

""'6."63 

Plat  5 

326. 0 

124  3 

6  4 

5  4 

11  7 

13 

5  1 

11  1 

66.  3 

.  91 

Plate   

407^6 

143^9 

7^9 

4!  4 

10^7 

^20 

8^5 

20^7 

73.3 

1.54 

PJat  7   

492.4 

181.4 

8.3 

2.9 

10.9 

.07 

14.0 

26.1 

90.1 

.91 

Plats.   

548.4 

197.3 

8.9 

2.7 

10.6 

.27 

16.9 

39.4 

89.7 

.17 

Plat  9  

423.9 

118.1 

5.9 

4.1 

56.1 

.24 

18.4 

12.0 

41.0 

Plat  10  

406.9 

154.1 

7.4 

1.9 

7.1 

.08 

13.9 

32.0 

44.4 

1.44 

Plat  11  

425.  9 

165.6 

7.3 

1.0 

6.6 

.17 

15.3 

31.6 

54.3 

1.66 

Plat  13  

530.9 

191.6 

6.6 

2  7 

24.6 

.30 

15.1 

30.9 

96.7 

1.26 

Plat  13   

544.3 

201.4 

9.3 

3.3 

6.1 

.16 

17.4 

36.6 

86.9 

1.09 

PJat  14   

598.6 

226.7 

11.6 

1.0 

5.6 

.09 

19.2 

39.4 

99.7 

1.01 

585.3 

201.1 

7.9 

5.3 

14.3 

.11 

24.2 

24.6 

123.9 

1.54 

Plat  16  a  

286.7 

117.1 

5.3 

2.4 

5.1 

.09 

7.0 

11.4 

21.9 

.91 

a  Then  uumanured. 


A  careful  study  of  these  results  clearly  indicates  that  increase  in 
nitric  acid,  increase  in  sulphuric  acid,  and  increase  in  chlorin  are 
accompanied  by  a  very  marked  increase  in  lime.  In  most  cases  the 
increase  in  soda  or  magnesia  is  comparatively  small,  while  there  is, 
on  the  whole,  less  of  potash  than  of  any  other  base,  and  very  little 
fluctuation  in  its  quantit}^  The  ammonium  sulphate  and  ammonium 
chlorid,  as^^ou  have  already  been  reminded,  are  potentially,  as  regards 
the  bases  of  the  soil,  to  be  looked  upon  as  though  they  consisted  of 
h^'drochloric,  sulphuric,  and  nitric  acid,  since  their  nitrification  can 
be  carried  out  only  in  the  presence  of  a  supply  of  alkaline  bases, 
which  combine  with  the  sulphuric  acid  and  chlorin  originally  present, 
and  are  also  contained,  in  combination  with  nitric  acid,  in  the 
nitrates  formed  from  the  ammonia.  The  nitrates  are  of  course  to 
some  extent  taken  ux)  by  the  growing  crops;  but  the  nitric  nitrogen 
that  passes  away  in  the  drainage,  like  the  sulphuric  acid  and  the 
chlorin,  must  take  away  with  it  an  equivalent  quantity  of  base,  the 
principal  base  present  in  the  drainage  waters  being  lime. 

The  drainage  waters  from  the  plats  manured  with  ammonium  salts 
contain,  on  the  average,  about  185  parts  of  lime  per  million.  In  round 
numbers,  this  would  equal  per  acre  for  10  inches  percolation  of  drain- 
age Avater  about  400  pounds  of  lime  per  annum. 

On  the  plats  uumanured,  or  manured  with  minerals  only  (plats  3,  4, 
5,  and  16),  the  average  is  339  parts  of  lime  per  million,  equal,  on  the 
same  basis  of  calculation,  to  only  about,  in  round  numbers,  250  pounds 
per  acre  per  annum  in  10  inches  of  drainage  percolation. 

It  is  interesting  to  compare  with  the  ammonia  plats  plat  9,  which 
at  that  time  received  every  year  550  pounds  of  sodium  nitrate  per 
acre.  The  drainage  water  from  this  plat  contained  only  118  parts  per 
million  of  lime  equal,  in  10  inches  percolatiou,  to  265  pounds  per  acre 
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per  anniim,  or  onlj^  abont  the  same  quantity  as  was  found  in  the 
drainage  of  the  plats  receiving  no  nitrogenous  manure. 

There  was  found  in  the  drainage  water  from  the  sodium-nitrate 
plat  a  much  larger  quantity  of  soda  than  in  the  drainage  from  the 
other  plats,  the  excess  being  more  than  sufficient  to  combine  with  the 
nitric  acid  present.  It  is  often,  and  apparently  without  justification, 
stated  that  nitrate  of  soda  robs  the  soil  of  lime,  on  the  ground  that 
the  unused  excess  which  passes  away  in  the  drainage  water  passes 
away  as  calcium  nitrate.  But,  on  the  Rothamsted  soils  at  all  events, 
which  are  naturally  abundantly  supplied  with  lime,  such  does  not 
appear  to  be  the  case.  It  is,  on  the  contrary,  the  ammonium  salts 
which  behave  nefariously  as  regards  the  lime  of  the  soil,  and  there- 
fore it  appears  inadvisable  in  practical  agriculture  to  use  ammonium 
salts  in  place  of  nitrate  of  soda,  except  on  soils  which  contain  a  fair 
quantity  of  lime.  If  ammonium  salts  are  used  persistently  on  soils 
poor  in  lime,  care  must  be  taken  to  restore  lime  from  time  to  time*  to 
guard  against  this  form  of  loss. 

The  impoverishment  of  the  surface  soil  in  lime  under  the  continued 
application  of  large  quantities  of  ammonium  salts  appears  to  be  indi- 
cated by  the  following  analyses  which,  at  the  suggestion  of  Sir  John 
Lawes,  I  recently  made  of  some  of  the  1893  samples  of  the  Broadbalk 
soils  in  my  possession : 


Table  46. — Broadbalk  ivheat  soils,  samples  collected  in  October,  1893 — Lime  in 

soils  and  subsoils. 


Depth. 

Plat  3,  continu- 
ously   u  n  m  a  - 
nured. 

Plat  5,  full  min- 
eral manures; 
no  ammonium 
salts. 

Plat  7,  full  mineral 
manures,  with 
400  pounds  am- 
monium salts 
per  acre  per  an- 
num. 

Per  cent. 

Pounds 
per  acre. 

Per  cent. 

Pounds 
per  acre. 

Per  cent. 

Pounds 
per  acre. 

First  (1  to  9  inches)   

Second  (10  to  18  inches)  -..  .-  . 

Third  (19  to  27  inches)  

2. 464 
.481 
.638 

63, 881 
12,849 
17, 820 

2. 766 
.683 
.583 

71,711 
18, 245 
16,246 

2.060 
.739 
.694 

53.407 
19, 741 
19, 373 

Both  plat  5  and  plat  7  receive  a  considerable  yearly  supi^ly  of  sul- 
phate of  lime  in  the  form  of  superphosphate.  Plat  5,  as  we  should 
expect,  is  much  richer  in  lime  in  the  first  and  second  depths  than  the 
unmanured  plat  ;  but  plat  7,  which  receives  annually  ammonium  salts 
as  well  as  superphosphate,  is  in  the  surface  soil  far  poorer. 

The  difference  in  lime  between  the  surface  soils  of  plats  5  and  7  is 
no  less  than  18,304  pounds  per  acre.  The  lime  supplied  to  both  plats 
in  manure  has  been  the  same  in  quantity;  and  if  the  soils  originall}' 
contained  like  proportions  of  lime,  the  loss  of  lime  to  the  surface  soil 
owing  to  the  ammonium  salts  has  been  about  360  pounds  per  acre  per 
annum. 
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The  foregoing  digression  followed  on  the  consideration  of  the  chlo- 
rin  results,  which,  as  dealing  with  water-soluble  constituents,  appeared 
related  to  the  water-soluble  nitrates. 

GENERAL  COMPARISON  OF  THE  aUANTITY  OF  TOTAL  NITROGEN 
PER  ACRE  IN  THE  ROTHAMSTED  SOILS  AND  SUBSOILS  WITH 
THE  aUANTITY  ANNUALLY  AVAILABLE  OR  UTILIZED  WHEN 
NONE  IS  SUPPLIED  BY  MANURE. 

Plat  5  on  the  Broadbalk  wheat  field,  continuously  manured  with 
minerals,  bat  receiving  no  manurial  nitrogen,  and  at  present  in  a  state 
of  starvation  for  lack  of  a  sufficient  supply  of  nitrogen  in  an  assimil- 
able form,  nevertheless  contains,  in  round  numbers,  in  the  first  27 
inches  6,401  X30unds  (or  nearl}'  3  tons)  of  nitrogen  per  acre.  We 
remarked  that,  notwithstanding  this  large  quantity  of  nitrogen,  experi- 
ence teaches  that  a  small  top-dressing  of  sodium  nitrate  or  of  ammo- 
nium salts  would  in  a  single  season  convert  the  poor  yield  of  this  plat 
from  14f  bushels  of  wheat,  Avith  104-  hundredweight  of  stunted  straw 
per  acre,  into  a  rich  crop  of  x^robably  35  bushels  of  wheat  with  a  luxu- 
riant growth  of  straw.  We  observed,  then,  that  nature  was  but  nig- 
gardly in  her  annual  doles  from  the  great  store  of  total  nitrogen 
natural^  contained  in  her  surface  soils,  and  we  asked,  ''What  does 
she  spare  us,  and  how?"  At  that  point  we  turned  aside  to  examine 
the  question  of  the  nitric  nitrogen  contents  of  the  field  as  revealed 
by  the  latest  series  of  analyses,  and  we  may  now  return  to  the  former 
question. 

By  the  consideration  of  various  Rothamsted  results  an  attempt  has 
been  made  to  estimate  the  quantit}"  of  nitrogen  annually  rendered 
available  by  natural  means  for  plant  food  on  soils  either  unmanured 
or  manured  with  mineral  dressings  only.  The  plats  selected  for 
examination  have  been  plats  3  and  5  of  the  Broadbalk  field,  examined 
separately  and  in  different  ways  in  the  light  of  the  analyses  of  the 
1881  and  1893  samples;  the  unmanured  plat  (plat  3)  of  the  grass  land 
of  the  park,  with  its  mixed  herbage  (estimate  for  forty  years) ;  the 
unmanured  continuous  root-crop  x^lats  in  Barn  field  (estimate  for 
thirty-six  years) ;  and  the  unmanured  plats  and  superphosphate  plats 
representing  seven  courses  (twenty-eight  years)  of  four-course  crop 
rotations  in  Agdell  field.  We  have  also  the  results  obtained  by  the 
constant  analyses  (over  twenty  years)  of  the  waters  running  from  the 
fallow-soil  drain  gauges. 

BROADBALK  FIELD. 

The  first  results  to  be  referred  to  relate  to  the  produce  of  wheat 
over  thirty  years  in  Broadbalk  field,  firstly,  on  plat  3  without  manure, 
and,  secondly,  on  plat  5,  with  mineral  manure  only. 
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Table  47. — Broadbalk  wheat  field,  plats  3  and  5 — Nitrogen  per  acre  per  annum  in 

crops  and  drainage. 


~  . — ■  

Plat  3. 

Plat  5. 

Pounds. 

Pounds. 

Nitrogen  contained  in  crops  30  years  (1851-52  to  1880-81)  _  

18.6 

20.3 

Estimated  loss  in  drainage  (assumed  27  inches)  

10.3 

12.0 

Total  

28.9 
5.0 

32.3 
5.0 

Nitrogen  derived  from  rain,  dew,  etc.  (estimated)  

Difference  _  T 

23.9 

27.3 

On  plat  3,  without  manure,  the  average  yield  of  nitrogen  per  acre 
in  the  crops  was  18.6  pounds  per  annum,  and  the  estimated  quantity 
in  the  drainage  water,  to  a  depth  of  27  inches,  was  10.3  pounds,  giv- 
ing a  total  of  28.9  pounds  in  crops  and  drainage. 

On  plat  5  the  quantity  of  nitrogen  contained  in  the  crops  was,  on 
the  average,  20.3  pounds,  and  the  estimated  quantity  in  the  drainage 
12  pounds,  giving  a  total  of  32.3  pounds  per  acre  per  annum  in  crops 
and  drainage. 

The  quantity  of  nitrogen  estimated  to  be  contained  in  the  average  ■ 
annual  rainfall,  and  in  minor  aqueous  deposits,  such  as  dew,  at  j 
Rothamsted,  is  5  pounds  per  acre.  If  this  be  deducted  in  each  case,] 
we  have  an  average  net  yield  of  soil  nitrogen  of  23.9  pounds  and  27.3] 
pounds,  respectively,  for  the  two  plats. 

The  next  results,  shown  in  the  following  table,  also  relate  to  the! 
Broadbalk  wheat  field,  and  indicate  the  quantity  of  nitrogen  in  thej 
form  of  nitrates  (or  ^'nitric"  nitrogen)  found  in  the  soils  of  plats  31 
and  5  to  a  depth  of  27  inches,  and,  on  plat  5,  also  the  quantity  found j 
in  a  depth  of  90  inches. 


Table  48.- 


-Broadbalk  ivheat  soils  {1893) — ^Nitrogen  as  nitrates     nitric  "  nitrO'\ 
gen)  in  plats  3  and  5, 


Soil  27  inches  deep. 

Soil  9;) 

inches 

Plat  3. 

Plat  5. 

deep. 
Plats. 

Pounds. 

Pounds. 

Pounds.  \ 

Nitrogen  found  in  soil  as  nitrates-    

21.60 

19.12 

25.17 

Deduct  nitrogen  derived  from  rain,  dew,  etc.  (estimated)  

5.00 

5.00 

5.00 

Difference  -  ..  -   

16.60 

14. 12 

20. 17 

Add  nitrogen  contained  in  crops,  30  years  (1851-52  to  1880-81)-.  .. 

18.60 

20.30 

20.  m 

Total-.-.-  

35.20 

34:  A2 

40.47] 

It  will  be  seen  that  when  the  5  pounds  per  acre  per  annum  for  thel 
nitrogen  of  the  rainfall,  etc.,  are  deducted,  and  the  quantity  added] 
which  is  estimated  to  be  contained  in  the  crops  (for  which  in  this  case] 
the  thirty  years'  estimate  to  1881  is  adopted),  we  obtain  results  differ- 1 
ing  from  the  previous  ones  in  so  far  as  we  have  substituted  for  thej 
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estimate  of  nitrogen  removed  in  the  pipe  drainage  the  actual  quan- 
tity of  nitrogen  found  unused  in  the  autumn  to  the  depth  in  two  cases 
of  27  inches  and  in  one  case  of  90  inches.  From  these  latter  estimates 
^Ye  find  for  jDlats  3  and  5,  35. 20  pounds  and  34.42  pounds  per  acre,  respec- 
tively, of  nitric  nitrogen  contained  in  the  first  27  inches.  But  if  on 
plat  5  Ave  include  the  nitrates  found  in  the  lower  depths,  we  get  about 
6  pounds  more,  viz,  40.47  pounds  per  acre  per  annum. 

No  allowance  is  made  for  the  nitric  nitrogen  temporarily  stored  as 
roots,  stubble,  and  weed  residue,  which  for  the  moment  are  regarded 
as  part  of  the  soil. 

GRASS  LAND. 

Next  we  have  the  results  calculated  from  observations  made  on  the 
grass  land  of  the  park  with  its  mixed  herbage,  the  plat  taken  for 
examination  being  the  unmanured  plat,  plat  3.  These  results  are 
given  in  the  following  short  table : 

Table  49, — The  park,  Rothamsted— Grass    land    {mixed    herbage),   plat  3 

{unmanured). 

Pounds 
per  acre. 

Nitrogen  contained  in  crops,  first  twenty  years  (1856-75),  first 

crops  only        33.0 

Nitrogen  derived  from  rain,  dew,  etc.  (estimated)   5. 0 

Difference    28.0 

Nitrogen  contained  in  crops,  second  twenty  years  \  1st  crops.  26.0 
(1876-95)    j  2d  crops.-..  13.2 

Total       39.2 

Deduct  nitrogen  derived  from  rain,  dew,  etc   5.0 

Difference      34.2 


During  the  first  twenty  years,  in  which  the  first  crops  only  were 
removed  from  the  land,  the  annual  removal  of  nitrogen  in  lia}^  was 
33  pounds  per  acre ;  of  this  5  pounds  annually  is  estimated  to  have 
been  supplied  by  rain,  etc.,  leaving  28  pounds  removed  in  the  crops. 

During  the  second  twenty  years,  1876-1895,  both  the  first  and  sec- 
ond cuttings  were  converted  into  hay  and  removed,  involving  a  total 
removal  of  nitrogen  of  39.2  pounds  per  annum — leaving,  after  deduct- 
ing the  5  pounds  supplied  by  rainfall,  a  removal  of  31:. 2  pounds  of 
soil  nitrogen. 

It  is  to  be  borne  in  mind  that  the  mixed  herbage  contains  a  certain 
proportion  of  leguminous  vegetation,  and  that,  in  virtue  of  the  pres- 
ence of  this,  some  amount  of  fixation  of  free  nitrogen  would  contin- 
uously go  on,  which  would  reduce  to  some  extent  the  quantities 
otherwise  assumed  as  derived  from  the  soil  itself. 
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ROOT-CROP  SOILS. 

The  results  recorded  for  the  root  crops  in  Barn  field  are  as  follows : 

Table  50. — Root  crops  {Barn  field),  ivith  mineral  manure. 

Pounds 
per  acre. 

Nitrogen  contained  in  crops,  36  years  (1845-1880)  _  _  25. 2 

Nitrogen  derived  from  rain,  dew,  etc.  (estimated)  _  _    5.0 

Difference   20.2 

The  root  crops  with  mineral  manure,  but  without  nitrogen,  gave, 
on  an  average  of  thirty -six  j^ears,  25.2  pounds  of  nitrogen  per  acre 
in  the  crops,  or,  allowing  for  the  5  pounds  contributed  by  rain,  20. 2 
pounds  per  acre  per  annum. 

ROTATION  LAND. 

The  quantities  of  nitrogen  contained  in  the  crops  on  the  two  plats 
selected  for  examination,  on  an  average  of  the  seven  courses  from 
1848  to  1875,  are  as  follows: 


Table  51. — Rotation  land  {Agdell  field). 


Unma- 
nured. 

Super- 
phosphate. 

Nitrogen  contained  in  crops  (7  courses,  1848-1875)   

Nitrogen  derived  from  rain,  dew,  etc.  (estimated)..  

Difference  -  

Pounds 
pe?'  acre. 
36.8 
5.0 

3L8 

Pounds 
per  acre. 
45.3 
5.0 

40.3 

The  average  annual  yield  of  nitrogen  per  acre  in  the  crops  was  36.8 
pounds  on  the  unmanured  plat,  and  15.2  X30unds  on  the  plat  manured 
with  superphosphate.  After  deducting  from  each  of  these  quantities 
5  pounds  for  rainfall  nitrogen,  we  have  a  soil  removal  of  31.8  and 
40.2  pounds  per  acre  per  annum,  respectively. 

In  no  case,  however,  except  in  the  wheat  field,  is  loss  by  subsoil 
drainage  taken  into  account;  and  it  is  to  be  noted  that,  on  the  rota- 
tion land,  a  certain  proportion  of  the  nitrogen  yielded  would  be  due 
to  fixation  of  atmospheric  nitrogen  by  the  leguminous  crops  of  the 
rotation,  which  would  be  more  in  the  case  of  the  superphosphate  than 
in  that  of  the  unmanured  plat.  It  is  to  be  admitted,  of  course,  that 
no  one  of  the  illustrations  given  aifords  exact  evidence  as  to  the 
amount  of  nitrogen  actually  available  from  the  resources  of  the  soil. 
Each  illustration  that  we  have  given  must  be  judged  according  to  its 
conditions. 

RAIN  AND  DRAINAGE  (bARN  FIELD). 

If  we  examine  the  results  (shown  in  the  table  below)  yielded  by  the 
60-inch  drain  gauge,  which  is  kept  fallow,  we  find  that,  deducting  for 
rainfall,  about  29  pounds  of  nitrogen  have  been  collected  annually  pen 
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acre  in  the  drainage.  But  it  is  to  be  remembered  that  as  there  are 
no  crops  there  is  no  conservation  of  nitrogen  in  root  and  stubble  resi- 
due, nor  are  any  weeds  allowed  to  grow  on  the  soil. 

Table  52. — Barn  field  {rain  and  drainage). 

Pounds 
per  acre.  - 

Nitrogen  contained  in  drainage  from  60-inch  gauge  (average  of 

20  harvest  years.  1877-78  to  1896-97)   33.  87 

Nitrogen  derived  from  rain,  dew,  etc   5. 00 

Difference     .  28.87 

The  wheat  crops,  together  with  the  estimated  loss  in  drainage  down 
to  27  inches,  sIioav  2-4  pounds  Avithout  manure  and  27.3  pounds  with 
mineral  manure ;  and  the  question  is,  whether  there  is  any  further 
loss  by  drainage  below  27  inches.  Taking  into  account  the  nitrogen 
in  the  crops  and  that  found  in  the  soil  as  nitrates  down  to  27  inches, 
the  quantity  has  been  seen  to  be  35.2  pounds  without  manure  and 
34.42  x^ounds  with  mineral  manure;  or,  taking  the  total  quantity  of 
nitrogen  as  nitrates  down  to  90  inches  of  depth,  the  quantity  included 
in  the  Avheat  crop  with  mineral  manui*e  is  40.47  x)Ounds  per  acre  per 
annum.  Obviously,  as  we  have  already  observed  elsewhere,  the  whole 
of  the  nitric  nitrogen  found  to  any  given  depth  at  any  one  time  can 
not  be  taken  as  directly  representing  the  annual  acctimulation,  and  so 
far  these  results  may  be  too  high. 

Then  the  results  for  the  mixed  herbage  of  the  grass  land,  including 
a  small  amount  of  fixation  by  the  leguminous  crops,  show  28  fDOunds 
and  34.2  pounds.  The  root  croiDS,  with  mineral  manure  alone,  show 
only  20.2  pounds.  And  lastly,  the  rotation  crops — including  some 
Leguminosa^ — \vd\Q  yielded  31. s  and  4u.2  pounds.  It  is,  however,  to 
be  again  observed  that  no  loss  l)y  drainage  is  brought  into  account  in 
the  case  of  either  the  mixed  lierbage,  the  root  crops,  or  the  rotation 
land.  In  the  case  of  the  mixed  lierbage,  comprising  a  great  variety 
of  plants  with  widely  varying  root  habit  and  root  range,  and  more  or 
less  vegetation  almost  all  the  year  round,  there  would  probably  be 
comparatively  little  loss  by  drainage.  With  land  devoted  to  root 
crops  there  would  be  much  more.  Land  under  rotation,  on  the  other 
hand,  would  certainly  lose  less  than  land  under  a  continuous  cereal 
crop,  like  that  of  the  Broadbalk  field;  though  it  would  lose  more  than 
permanent  grass  land. 

Taking  into  consideration,  therefore,  the  conditions  under  which 
the  various  results  have  been  obtained,  we  are  probably  fairly  justi- 
fied in  drawing  the  conclusion  that,  even  under  the  most  favorable 
conditions  of  mineral  manuring,  without  manurial  nitrogenous  sup- 
pl}',  the  quantity  of  nitrogen  naturally  available  from  the  enormous 
stores  found  in  the  Rothamsted  soil  and  subsoil  is,  on  the  average, 
only  about,  or  not  much  more  than  30  pounds  per  acre  per  annum. 
Forty  pounds  would  probably  be  an  extravagant  estimate. 
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CONTINUOUS  WHEAT  GROWING  IN  RELATION  TO  ECONOMY  OF 

NITROGEN. 

Altogether,  the  study  of  the  nitrogen  results  indicates  that  continuous 
wheat  growing  is,  from  a  natural  point  of  view,  an  extravagant  mode 
of  farming,  only  justifiable,  like  other  extravagances,  under  the 
pressure  of  a  more  or  less  artificial  environment.  For  the  wheat  crop 
has  completed  its  growth  and  is  harvested  long  before  nitrification 
has  ceased  in  the  soil,  and  there  is  no  crop  to  take  up  either  the 
balance  of  the  nitrates  left  unused  by  the  wheat  or  the  larger  balance 
formed  after  the  active  growth  of  the  wheat  is  over;  and  these 
nitrates  must  pass  away  in  subsoil  drainage  during  the  winter,  except 
where  the  rainfall  is  small,  or  in  those  latitudes  exposed  to  long 
winter  frosts.  This  drainage,  even  on  unmanured  land,  involves  a 
serious  loss  of  nitrogen,  and  a  still  greater  loss  when  the  yield  of  the 
crops  is  ai^tificially  increased  by  the  use  of  nitrogenous  manure. 
Ordinary  rotation  farming  tends,  far  more  than  continuous  wheat 
growing,  to  conserve  the  natural  nitrogen  of  the  soil,  and  is  the 
sounder  method  of  farming  where  local  circumstances  create  and 
maintain  a  demand  for  other  produce  than  grain — as,  for  instance,  in 
any  country  that  is  fairly  closely  populated.  But  even  rotation 
farming,  with  its  fallows,  involves  a  waste  of  nitrogen  owing  to  its 
fallow  intervals,  except  in  intensive  farming,  where  catch  crops,  like 
Trifolium  or  vetches,  can  be  grown — crops  which  absorb  the  nitrates 
of  the  soil  and  also  add,  as  we  know,  to  the  stock  of  soil  nitrogen. 
But  in  continuous  wheat  growing  this  can  not  be  done.  If  wintei 
wheat  is  sown,  there  is  but  a  short  interval  between  harvest  and  seed' 
time  in  which  to  clean  the  land  and  prepare  a  seed  bed.  It  is  onlj 
where  spring  wheat  is  grown  that  a  fallow  crop  becomes  possible  with 
out  loss  of  a  season ;  and  in  wheat  culture  on  a  large  scale  it  woulc 
often  be  a  question  even  then  between  the  relative  economy  o: 
conserving  nitrogen  or  utilizing  the  fallow  time  for  the  destructioi 
of  weeds.  It  is,  of  course,  in  any  case,  only  in  mild  and  genia 
latitudes  with  a  favorable  rainfall  that  autumn  catch  crops  cai 
be  satisfactorily  raised.  If  circumstances  allow  them  to  grow  well 
and  luxuriantly,  they  will  often  smother  weeds  and  extirpate  then 
as  effectually  as  will  more  direct  cleansing  operations;  but  a  poor 
thin  catch  crop  will  often  only  encourage  the  growth  of  weeds. 

In  any  case,  however,  in  continuous  wheat  growing  without  rota- 
tions involving  leguminous  crops,  we  must  annually  lose  some  nitrogen^ 
and  if  we  are  to  increase,  or  even  to  maintain,  the  fertility  of  the  land 
we  must  sooner  or  later  buy  nitrogen,  either  directly  or  indirectly,  ir 
the  market;  and,  it  may  be  added,  we  must  waste  a  good  deal  of  it 
But  we  have  seen  that  the  capital  of  soil  nitrogen  is  very  large,  and 
that  it  is  doled  out  to  us  so  slowly  and  sparingly  that,  on  originallj^ 
good  and  fertile  land,  it  lasts  a  long  time,  despite  its  annual  diminu- 
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tion.  Under  some  circumstances  the  diminution  may  be  hastened, 
while  in  other  circumstances  it  ma}^  be  retarded  by  the  use  of  mineral 
fertilizers,  which,  happily,  are  cheap  as  well  as  abundant.  But  on 
almost  any  land,  when  the  element  of  rent  or  the  saving  of  mere  land 
area  becomes  an  object,  as  well  as  the  saving  of  labor,  the  time  must 
come  sooner  or  later  when  continuous  wheat  growing  can  not  be  con- 
ducted on  primitive  methods.  First  comes  improved  cultivation, 
then  the  use  of  mineral  fertilizers,  and  next  the  use  of  external  sup- 
plies of  nitrogen.  With  such  aid,  however,  continuous  wheat  grow- 
ing can  be  carried  on  probably  forever,  on  any  reasonably  good  and 
well-conditioned  soil,  provided  that  weeds  can  be  kept  under.  But 
onl}^  a  portion  of  the  purchased  nitrogen  returns  to  us  in  the  produce, 
and  we  must  add  more  than  the  crop  requires  or  can  assimilate,  if  the 
land  is  to  give  its  best  and  most  abundant  jaeld.    The  balance  is  lost. 

In  ultimate  economics  there  must  be,  therefore,  agriculturally,  a 
waste  of  nitrogen  in  continuous  wheat  growing,  and  the  more  highly 
we  farm  the  greater  the  waste.  But  there  may  be  in  agriculture,  as 
in  many  other  matters,  an  immediate  economical  advantage  in  an 
ultimate  economic  Avaste.  The  wheat  grower,  very  naturally,  does 
not  consider  a  far  remote  posterity,  but  considers  the  most  j)rotitable 
way  of  producing  his  crop  for  the  present  and  in  the  reasonabl}^  near 
future.  A  settler  in  a  new  country  first  plows  up  a  section  of  prairie 
with  its  accumulated  nitrogenous  fertilit}",  and  he  grows  wheat  on  it 
till  nature,  liberal  at  first,  becomes  parsimonious.  Then  he  has  to 
cultivate  better  and  keep  his  ground  cleaner,  and  after  a  time  he  has 
to  invest  a  small  quantit}'  of  caijital  in  phosphates,  and  perhaps  in 
potash  salts,  aud  after  a  further  time  some  nitrogen  also  must  be  pur- 
chased ;  and  the  question  becomes.  How  much  and  in  what  form  can 
it  best  be  bought?  In  crowded  countries  or  States,  Avhere  a  demand 
is  near  at  hand,  not  only  for  wheat,  but  for  meat  and  milk  and  hides 
and  horses  and  wool  and  vegetables,  rotation  farming  and  grazing 
soon  supersede  continuous  wheat  growing  and  combine  to  conserve 
natui^al  f  ertilit3\  I  have  been  somewhat  surprised  to  learn  how  largely 
even  the  most  intensive  form  of  farming,  involving  the  systematic 
giowth  of  catch  crops  on  what  would  once  have  been  fallows,  has 
alreadj'  become  established  in  some  of  the  Eastern  States  of  America. 
At  the  same  time  the  reliance  on  mere  rotation  of  crops  and  the  inci- 
dental farming  operations  thereby  entailed,  without  help  from  pur- 
chased manures  or  (Avhich  is  a  form  of  the  same  thing)  purchased 
food,  necessarily  restricts  the  work  of  the  farmer  and  limits  the  quan- 
tity and  nature  of  the  material  he  sells.  The  difficulty  of  conserving 
the  fertility  of  the  soil  otherwise  than  by  rotation  farming  before  the 
days  of  purchased  farm  foods  and  purchased  fertilizers  was  such  that, 
as  many  of  you  may  know,  the  rotations  of  crops  were  laid  down  for 
English  farmers  in  their  farm  leases,  and  a  tenant  farmer  were  allowed 
to  sell  neither  hay  nor  straw.  Science  has,  however,  changed  all  this, 
and  a  farmer  in  England  can  now  usually  grow  whatever  he  pleases. 
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In  England,  ]lo^Yeve^,  with  its  high  rents  and  its  local  land  burdens 
and  its  fixed  polic}^  of  free  trade,  which  throws  open  our  granaries  to 
be  filled  b}^  your  good  selves  and  our  other  cousins  in  other  quarters 
of  the  globe,  continuous  wheat  growing  is  no  longer  one  of  the  direc- 
tions in  which  our  farmers  can  afford  to  use  the  freedom  which  has 
succeeded  to  the  old  restrictive  farming.  But  for  you  continuous 
wheat  growing  must  for  a  long  time  remain  an  economic  i30ssibility. 
The  gradual  reduction  of  3'our  soils  in  nitrogenous  fertilitj'  is  slow, 
and,  as  necessitj"  arises,  can  be  ampl}^  met,  as  long  as  coal  and  nitrate 
of  soda  are  abundant.  We  do  not  appear  to  be  yet  within  sight  of 
the  end  of  the  gj-eat  nitrate  deposits,  and  coal  yields  an  increasing 
quantity  of  the  other  great  concentrated  nitrogenous  fertilizer, 
ammonium  sulphate;  and  there  are,  especially  owing  to  your  exten- 
sive animal  and  other  industries,  a  great  variety  of  other  nitrogenous 
fertilizers,  individually  less  concentrated,  but  of  great  aggregate 
quantity. 

Some  day,  Avhen  the  nitrate  is  all  gone  and  the  coal  is  used  up,  you 
may  perhaps  realize  the  i)ropliec3^  of  Sir  William  Crookes,  and  make 
"  electric  nitrate  "  (we  already  make  electric  soda")  from  the  nitro- 
gen and  oxygen  of  the  air,  using  presumably  tidal  force,  if  your 
Niagara  be  too  small,  for  generating  the  electricity  needed  to  bring- 
about  the  combination.    But  this  is  a  dream  of  the  very  distant  future. 


MINERAL  ELEMENTS  OF  FERTILITY. 

We  have  been  thus  far  mainly  engaged,  except  for  occasional 
digressions,  in  discussing  questions  relating  to  the  supply  and  removal 
of  nitrogen  under  various  conditions.  I  would  now  direct  your  atten- 
tion to  the  results  of  certain  investigations  into  the  quantity  and 
condition  of  the  phosphoric  acid  and  jDOtash  contents  of  the  various 
plats  of  this  historic  field. 

Throughout  the  duration  of  the  experiments,  numerous  ash  analyses 
have  been  made  of  the  crops,  and  the  supply  and  removal  of  both 
phosphoric  acid  and  potash  with  regard  to  most  of  the  plats  can  be 
estimated  with  some  reasonable  api3roach  to  accuracy. 

Until  lately,  however,  no  systematic  series  of  determinations  of 
X^hosphoric  acid  and  potash  have  been  made  in  the  soils  themselves. 
In  1894  the  present  lecturer  had  the  honor  to  contribute  a  paper  ''On 
the  determination  of  probably  available  '  mineral '  plant  food  in 
soils,"  ^  in  which  the  use  of  a  1  per  cent  solution  of  citric  acid  was 
proposed  as  a  means  of  approximate  differentiation  b}"  means  of 
analysis  between  the  total  and  the  probably  available  phosphoric  acid 
and  potash  in  soils. 


^  Journal  of  the  Chemical  Society,  London,  65  (1894),  pp.  115-167. 
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As  the  chemists  of  your  countiy  were  good  enough  to  take  a  great 
deal  of  interest  in  this  paper,  and  to  subject  the  citric-acid  process  to 
further  investigation  and  to  make  it  the  point  of  departure  for  a 
number  of  alternative  processes — some  of  which,  no  doubt,  are  better 
applicable  to  some  kinds  of  soils  and  others  to  other  kinds — I  need 
not  now  say  more  about  the  inception  of  the  process  than  to  recall  to 
you  that  it  was  the  result  of  an  attempt  to  imitate,  in  the  solvent  used, 
the  acidity  of  the  root-sap  of  flowering  plants.  This  acidity  was 
determined  in  100  plants,  representing  some  twenty  different  natural 
orders. 

In  order  to  test  the  proposed  method  it  was  applied  to  a  large  num- 
ber of  samples  of  soil  from  the  continuous  barley  plats  at  Rothamsted, 
which  had  been  preserved  under  very  various  manurial  conditions 
for  over  forty  years.  The  results  of  this  investigation  were  referred 
fo  by  Sir  Henry  Gilbert  in  his  lectures  to  you,  and  he  mentioned  that 
I  was  then  engaged  in  extending  the  investigation  to  the  examination 
of  the  soils  of  the  Broadbalk  wheat  plats.  A  number  of  the  most 
t3'pical  plats  were  selected  for  this  purpose,  and  the  samples  repre- 
senting the  first  three  depths,  drawn  in  189^^,  were  examined,  as  well  as 
corresponding  samples,  where  these  were  available,  drawn  in  1865  and 
1881.  In  all  of  these  saDiples  the  total  phosporic  acid  has  been  deter- 
mined, and  also  the  potash  dissolved  under  certain  conditions  by 
strong  hydrochloric  acid.  The  quantities  of  phosphoric,  acid  and 
potash  dissolved  b}"  a  1  per  cent  solution  of  citric  acid  under  the  con- 
ditions original^  laid  down  in  my  paper  have  also  been  determined. 
The  results  are  fully  discussed  in  a  paper  presented  to  the  Royal 
Society  of  London. 

As  in  considering  the  nitrogen  results  we  have  thus  far  confined 
our  attention  to  the  samples  drawn  in  1893, 1  will  here  follow  the  same 
procedure  and  will  in  like  manner  record  the  phosphoric  acid  and 
potash  results  for  the  1893  samples,  reserving  until  later  a  compari- 
son between  the  newer  and  the  older  samples. 

The  accomx3anying  table  shows  in  a  convenient  form,  for  the  series 
of  plats  submitted  to  mineral  examination,  the  average  yield  of  the 
plats  as  regards  both  grain  and  straw  for  forty-two  years,  1852-1893, 
and  for  the  six  years  1889-1891;  and  also  the  quantities  of  phosphoric 
acid  and  potash  applied  to  the  soil  during  fifty  years  in  the  form  of 
manure,  and  the  quantities  removed  in  the  crops  during  the  same 
period. 
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Table  o3.—BroadhaIk  wheat  jjlats. 


Manure  per  acre  per  annum. 


Unmanured  continuously  

Unmanured  continuously 
since  1852  (  previously  super- 
phosphate  and  ammonium 
salts)   

Ammonium  salts  alone  since 
1S4:4:  I  mineral  manure  in  18J4i 

Ammonium  salts  alone  since 
ISU.  except  in  1S16.  1848.  and 
1850  (  mineral  manure  in  1844, 
1818,  and  l>5iJ '  -   

Ammonium  >alts  and  super- 
phosphate, with  2iX)  pounds 
potassium  sulphate  (300 
pounds  up  to  1>58\  100 
pounds  sodium  sulphate  (  2(30 
pounds  up  to  1858).  and  100 
pounds  magnesium  sulphate  . 

Ammonium  salts  and  super- 
phosphate, with  200  pounds 
potassium  sulphate  'oOO 
pounds  up  to  1858).  No  so- 
dium or  magnesium  salts  

Ammonium  salts  and  super- 
phosphate, with  280  pounds 
magnesium  sulphate  ( 420 
pounds  up  to  l.N58i.  Xo  so- 
dium or  potassium  salts 
since  1850   

Ammonium  salts  and  super- 
phosphate, with  366*  pounds 
sodium  sulphate  1 550  i)ounds 
up  to  1858) .  No  potassium  or 
magnesium  salts  since  1851.- 

Ammonium  salts  and  super- 
phosphate only.  Xo  potas- 
sium, sodium,  or  magnesium 
salts   

Superphosphate,  with  potas- 
sium, sociium.  and  magne- 
sium sulphates,  as  on  plat 
7.  but  no  nitrogen  

14  tons  farmyard  manure  1 1848- 
44.  and  every  year  since  >  

14  tons  farmyard  manure,  com- 
mencing in  1884-85  


Average 
yield  per 
acre  for  43 
years. 
1852-1893. 


Bu 
12f 


i;^ 


32f 


31i 


m 


m 


2U 


14| 


Ciut. 

m 


101 

m 


20 


32f 


31i 


28i 


Average 
yield  per 
acre  for  6 
vears, 

1889-1894. 


Bu. 

12f 


m 
m 


34i 


321 


29i 


29i 


211 


Civt. 


15i 


331 


31f 


27^ 


20i 


12-     i4i  m 

32t  4f);  38^ 
....I      30ii  28t 


Phosphoric 
acid. 


Potash. 


Esti- 
mated 

addi- 
tion in 

ma- 
nures 
during 

50 
years. 


Esti- 
mated 
remov- 
al in 
crops 


Esti-  ! 
mated 
addi- 


Esti- 
mated 


tion  in  ^'^^^^.o^- 
.>.o.  aim 


during  .^^^T^s 
4o  ^durmg 

50 

years.a  ^^^^^ 


Lbs. 


506 
82 


210 


3, 107 


3,181 


3,216 


3,189 


3,153 


3,256 
3,920 


crops 
during 

50 
years,  a 


Lbs.  Lbs. 
467  0 


528  235 


582 


1,132 


1,061 


1,016 


1,C05 


861 


674 
1,301 


374 


5,037 


6566 


615 


5,203 


Lbs. 


848 
1,090 


1,205 


2,550 


2,410 


1,833 


6588  1,743 


1, 190 


1,136 


11,760  2,478 


a  Estimated  from  analysis  of  separate  samples  of  grain  and  straw  from  each  plat. 
6  Applied  prior  to  1852. 

Phosphoric  acid. 

General  Discussion  and  Statement  of  Analytical  Results  on  Broadbalk 
Soils  and  Subsoils  of  1893. 


The  total  phosphoric  acid  was  in  each  case  determined  in  10  grams 
of  the  dry  soil  by  ignition  and  extraction  with  acid,  duplicate  deter- 
minations having  in  all  cases  been  made,  one  with  nitric  acid  as  a 
solvent  and  the  other  with  hydrochloric  acid,  the  chlorin  in  the 
latter  case  being  nearly  eliminated  from  the  solution  after  removal  of 
the  silica  by  repeated  evaporation  with  nitric  acid  before  adding  the 
molybdic  solution. 
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The  citrie-acid  results  were  obtained  by  treating  a  large  quantity 
of  soil,  usualh'  200  grams,  Avitli  1  i^er  cent  citric-acid  solution  in  the 
proportions  of  1  liter  of  solvent  to  100  grams  of  soil,  the  soil  being 
kept  in  the  solution  for  seven  days  with  frequent  shaking.  A  quan- 
tity of  solutk)n  representing  50  grams  of  the  soil  was  taken  for  the 
determination  of  phosphoric  acid. 

The  results  for  all  the  x>lats  examined  are  given  'in  the  following 
table : 


Table  54. — Broadhalk  icheat  soils,  samples  collected  in  October,  1803 — Phosphoric 

ACID  determinations. 


Plat. 

Annual  manuring. 

Total  phosphoric  acid. 

Phosphoric  acid  dissolved  by  a  1 
per  cent  solution  of  citric  acid. 

First 
depth. 

Second 
depth. 

Third 
depth. 

First 
depth. 

Second 
depth. 

Third 
depth. 

Per  cent. 

O 

Per  cent. 

Pounds  pen- 
acre. 

Per  cent. 

Pounds  per 
acre. 

Per  cent. 

Pounds per 
acre. 

Per  cent. 

o 

fin 

Por  cent. 

Pounds  i)or 
acre. 

2a 

Farmyard  ma- 

nure since  188-4. 

0. 165 

4,142 

0. 095 

2,538 

0.084 

2,345 

0. 0321 

806 

0. 0052 

139 

0.0028 

rs 

2b 

Farmyard  ma- 

nure oT)  years  . . 

.215 

5,018 

.m 

2. 965 

.083 

2, 317 

.0560 

1,307 

.0094 

251 

.0034 

95 

3 

Unmanured  

.114 

2,956 

.113 

3. 010 

.097 

2, 708 

.0078 

202 

.0041 

110 

.0021 

59 

Unmanured  since 

1852  

.120 

3.111 

.106 

2.832 

(107 

2.708 

.0100 

250 

.  ( »024 

64 

.  0017 

48 

5 

Full  minerals  

.210 

5.  678 

.  107 

2.  858 

.112 

3, 126 

.0642 

1.665 

.  0(152 

130 

.  (yio6 

101 

Full  minerals  and 

ammonium  salts 

.195 

5, 056 

.086 

2,297 

.  074 

2,066 

.  0547 

1,418 

.  0038 

102 

.0030 

84 

iOa 

Ammonium  salts 

(no  minerals 

since  1844)  

.123 

3, 189 

.111 

2,9a5 

.  105 

2.931 

.0074 

192 

.0031 

83 

.0018 

50 

10b 

Ammonium  salts 

(no  minerals 

since  1850)  

.126 

3,267 

.123 

3,286 

.m 

3.099 

.CK374 

102 

.0043 

115 

.0021 

59 

11 

Phosphates  and 

ammonium  salts 

.107 

5, 107 

.108 

2.885 

.091 

2, 540 

.  0405 

l.Cioii 

.0028 

75 

.0017 

48 

12 

Phosphates,  sodi- 

um and  ammo- 

nium salts   

.  201 

5,211 

.098 

2.618 

.082 

2,289 

.0413 

1,071 

.0035 

94 

.0020 

56 

13 

Phosphates,  p  o  - 

tassium,  and 

ammonium  salts 

.  205 

5,315 

.105 

2,805 

.081 

2,261 

.0434 

1,125 

.0027 

72 

.0016 

45 

14 

Phosphates,  mag- 

nesium, and  am- 

monium salts ... 

.204 

5, 289 

.111 

2,965 

.113 

3,154 

.0042 

1,146 

.0023 

01 

.0023 

64 

I  would  first  direct  attention  to  the  figures  representing  the  con- 
tents of  the  surface  soil  or  first  9  inches,  for  it  is  in  this  depth  that 
the  variations  in  phosphoric  acid  are  mainly  found,  the  greater  part 
of  the  unused  phosphates  applied  to  a  soil  containing  so  much  clay  as 
the  Rothamsted  loam  being  evidently  mainly  retained  in  the  surface 
soil,  though,  as  we  shall  see,  some  portion  does,  under  some  condi- 
tions, find  its  way  into  the  subsoil. 

The  following  table  shows  the  percentages  of  total  and  citric-acid- 
soluble  phosphoric  acid  in  each  separate  plat,  and  the  average  yield 
of  grain  and  straw  for  six  recent  years,  viz,  1889-1894,  the  last  named 
being  the  season  following  the  soil  sampling : 
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Table  55. — Broadhalk  ivlieat  soils,  samples  collected  in  October,  1893, 


Plat. 

Annual  manuring  for  50  years  (with  only  minor 
variations  during  earlier  years). 

• 

Phosphoric  acid 
(P9O5)  in  fine  dry 
soil    (first  9 
inches). 

Average  yield 
per  acre  (1889- 
1894). 

Total. 

Dissolved 
by  1  per 
cent  citric- 
acid  solu- 
tion. 

Wheat. 

Straw. 

3 
4 

10a 
10b 

7 
13 
14 
13 
11 

5 

2b 
2a 

Unmanured  continuously   

Unmanured  continuously  since  1852   _  

Ammonium  salts  only,  since  1844    

Ammonium  salts  only,  since  1850  .  

Superphosphate  and  -  ammonium    salts,  with 

potassium,  sodium,  and  magnesium  sulphates. - 
Superphosphate  and   ammonium    salts,  with 

potassium  sulphate    

Superphosphate    and   ammonium   salts,  with 

magnesium  sulphate.     

Superphosphate   and   ammonium   salts,  with 

sodium  sulphate   

P    P     1  J 

Superphosphate  and  potassium,  sodium,  and  mag- 
nesium sulphates  (no  nitrogen)  

14  tons  farmyard  manure    

14  tons   farmyard    manure  (commencing  in 
1884-85)    

Per  cent. 
0. 114 
.120 
.123 
.126 

Per  cent. 
0. 0078 
.0100 
.0074 
.  00:4 

Bushels. 
12f 
13^ 
16+ 
18 

Cict. 

13i 
15i 

.195 

.205 

.204 

.201 
.197 

.  0547 

.0434 

.  (J442 

.0413 
.  0405 

34f 

32| 

29i 

2% 
21f 

33f 

31f 

27i 

25f 
201 

.219 

.0642 

24f 

lOi 

.215 
.165 

.  0560 
.0321 

40t 
301 

381 
28f 

These  results  may  be  condensed  by  averaging  the  four  soils  which 
have  been  wholly  without  pliosphatic  manure  since  1850;  and  also  the 
five  soils  continuously  receiving  superphosphate  in  conjunction  with 
nitrogen. 


Table  56. — Broadbalk  icheat  soils,  samples  collected  in  October,  1893. 


Plats. 

Annual  manuring.  " 

Average  percent- 
age of  phosphoric 
acid  in  fine  dry 
soil. 

Average  yield  per 
acre  (1889-1894). 

Total. 

Dissolved 
by  1  per 
cent  citric- 
acid  solu- 
tion. 

Wheat. 

Straw. 

3, 4, 10a, and  10b  ... 
7,13,14,12,11  

5  -  

2b  

2a  

No  phosphates   

Superphosphate  and  ammonium 

salts,  with  and  without  alkaline 

salts. 

Superphosphate  and  alkaline  salts, 

without  nitrogen. 
14  tons  farmyard  manure  for  50 

years. 

14  tons  farmyard  manure   for  9 
years  only. 

Per  cent. 
0.121 
.200 

.219 
.215 
.165 

Per  cent. 
0. 0082 
.0448 

.0642 
.0560 
.0321 

Bushels. 
15i 
29i 

1^ 

40| 
301 

Cwt. 
271 

10^ 
38f 
28f 

Of  these  four  groups  of  plats,  the  first  is  suffering  from  phosphatic 
starvation,  aggravated,  in  two  of  the  four  plats  comprising  it,  by  a 
free  supply  of  ammonium  salts.  The  average  yield  has  dropped  to 
a  little  over  15  bushels  of  grain  per  acre  and  less  than  12  hundred- 
weight of  straw. 

In  the  next  group,  of  five  plats,  superphosphate  has  been  freely  and 
continuously  supplied,  as  well  as  nitrogen  in  the  form  of  ammonium 
salts,  while  on  four  out  of  the  five  plats  of  this  group  ''alkaline" 
salts  (potassium,  sodium,  and  magnesium  salts,  together  or  sepa- 


THE   BROADBALK    WHEAT  SOILS. 


101 


ratelv)  have  been  likewise  applied  aiiiiiially.  Here  the  average  yield 
of  grain  is  nearly  double  that  of  the  former  grouix  while  the  straw  is 
more  than  two  and  one-fourth  times  as  great. 

Then  we  have  the  plat  which  has  received  continuously  an  abun- 
dance of  phosphatic  and  other  mineral  inanure,  but  no  nitrogen.  Its 
3ueld  is  now  poorer  on  the  average  than  even  the  first  group,  for  it  is 
suffering  from  nitrogen  starvation — shown  even  more  strongly  in  the 
low  straw  yiekl  than  in  the  low  yield  of  grain.  The  yield  of  both 
grain  and  straw,  though  less  than  the  average  yield  of  the  first  group, 
is  nevertheless  better  than  that  of  the  unmanured  plats  :■)  and  4 
included  in  it,  which  are  suffering  from  l)oth  nitrogen  and  mineral 
starvation.  But  its  yield  of  grain  is  only  half  that  of  the  group  of 
soils  supplied  annually  with  nitrogen  as  well  as  minerals,  and  its 
yield  of  straw  is  not  much  more  than  one-third.  Since  it  has  received 
practically  the  same  supply  of  phosphatic  manure  per  acre  as  this 
group,  we  should  (apart  from  the  information  derived  from  analyses 
of  the  crops)  expect  to  find  an  additional  accumulation  of  phosphates 
in  this  ijlat  over  and  above  that  found  in  group  2. 

Then  we  have  the  farmyard  manure  plats,  the  one  dunged  liber- 
alh'  for  fifty  years  leading  the  way  with  a  yield  well  above  that  of  any 
of  the  other  groups,  both  as  regards  grain  and  straw,  and  the  other 
subjected  to  this  liberal  treatment  for  nine  years  only,  but  still,  in 
virtue  of  its  comparative^  newly  acquired  fertility,  giving  a  better 
yield  than  the  average  of  the  chemically  treated  plats,  though  not  so 
good  a  yield  as  the  completely  manured  plat  13. 

The  differences  in  pliosphorie-acid  contents  that  one  would  be  led 
to  exi)ect  from  the  aforesaid  considerations  are  qualitatively  apparent 
in  the  figures  for  total  phosphoric  acid.  Thus  the  second  group 
shows  great!}'  more  phosphoric  acid  than  the  first  group.  Again,  on 
the  other  hand,  it  shows  less  than  plat  5.  Intermediate  is  tlie  long- 
dunged  plat,  while  the  plat  more  recently  brought  under  dung  treat- 
ment is  intermediate  between  the  first  and  second  groux). 

But  these  differences  in  total  phosphoric  acid,  significant  as  they 
clearly  are,  in  soils  from  the  same  field,  would  convey,  apart  from  a 
priori  knowledge  of  their  origin  and  of  their  circumstances,  no  such 
information  as  to  suggest  the  i3rofound  differences  reall}^  existing  in 
the  phosphatic  condition  of  the  soils. 

To  make  this  more  clear,  the  figures  are  best  reduced  to  a  simj)le 
proportion,  taking  the  average  quantity  of  phosphoric  acid  in  the 
first  group  as  unit3\    AYe  then  have: 


Number  of  plats. 


Mode  of  manuring. 


I  Ratio  of  total 
pbosphoi  ic 
I  acid  to  that  of 
I  plats  receiv- 


ing no  phos- 


phates. 


Four  plats 
Five  plats. 
One  plat  . . 


Do. 
Do. 


No  phosphates  -  --- 

Phosphates  and  nitrogen,  with  and  without  alkaline  salts. 
Phosphates  and  alkaline  salts  only    


Dung  50  years 
Dung  y  years- 


1.00:1 
1.65:1 
1.81:1 
1.78:1 
1.36:1 
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The  four  plats  in  the  first  group  contain,  on  the  average,  over  3,000 
X30unds  of  phosphoric  acid  per  acre  in  tlie  first  9  inches  of  soil,  to  say 
nothing  of  a  further  ij.OOO  pounds  in  the  subjacent  18  inches.  This  is 
eqnivalent  to  nearly  3  tons  of  phosphate  of  lime  per  acre  in  the  top 
soil,  with  (3  tons  lying  below,  well  within  reach  of  the  plant  in  its  later 
stages  of  growth.  In  face  of  this  enormous  quantity  of  total  phos- 
phoric acid,  the  wheat  crop,  which  under  the  most  favorable  circum- 
stances does  not  need  more  (and  usually  needs  less)  than  some  30 
pounds  of  phosphoric  acid  ])ev  acre,  is  unable  to  do  more  than  eke  out 
a  half-starved  existence;  the  only  explanation  of  which  is  that,  of  the 
total  phosphates  present,  only  a  small  proportion  are  in  a  form  in  which 
they  can  be  utilized.  Even  in  ordinary  farming  it  is  a  familiar  fact 
that,  on  soils  containing  a  good  deal  more  pliosphoric  acid  than  this,  a 
few  hundredweights  of  sui3erphosphate  per  acre  will  often  make  the 
difference  between  a  full  crop  of  roots  and  one  that  is  all  but  a  failure. 
This  being  so,  it  is  evident  that  such  ratios  as  those  just  given  for 
total  x3hosphoric  acid  would  have  little  significance  if  we  wished  to 
compare  soils  from  different  fields,  or  to  judge  of  their  relative  min- 
eral fertility,  or  forecast  the  probable  advantage  of  applying  phos- 
phatic  manure  or  the  economy  of  withholding  it. 

If,  on  the  other  hand,  we  take  the  phosphoric  acid  dissolved  by  a  1 
per  cent  solution  of  citric  acid,  we  find  differences  of  an  altogether 
different  character;  for,  while  the  ratios  for  total  phosphoric  acid 
between  pliosphatically  manured  and  phosphatically  unmanured  plats 
were  all  comprised  within  a  ratio  of  2:1,  we  find  the  citric-acid-solu- 
ble ratios,  as  will  be  seen  from  the  following  table,  to  show  approxi- 
mately such  numbers  as  1:1,  5:1,  and  nearly  8:1. 


Number  of  plats. 


Mode  of  manuring. 


Ratio  of  phos- 
phoric acid 
sohible  in  1  per 
cent  citric-acid 
solution  to 
that  of  plats 
receiving  no 
phosphates. 


Four  plats 
Five  plats 
One  plat 

Do  .... 

Do  .... 


No  phospates    

Phosphates  and  nitrogen,  with  and  without  alkaline  salts - 

Phosphates  and  alkaline  salts  only  

Dung  50  years  

Dung  9  years  


1.00:1 
5.46:1 
7.83:1 
6.83:1 
3.91:1 


Clearly  the  percentage  of  citric-acid-soluble  pliosphoric  acid  gives 
us  overwhelmingly  clearer  qualitative  information  as  to  the  condition 
of  the  soils  than  any  that  could  be  arrived  at  from  a  study  of  the 
mere  total  percentages,  apart,  as  aforesaid,  from  a  priori  topograph- 
ical and  historical  knowledge. 

Probable  Limit  Denoting  Phosphoric-Acid  Deficiency  in  Soils. 

It  will  have  been  noticed  that  in  only  one  case,  on  the  phosphatic- 
ally unmanured  plats,  does  the  jphosphoric  acid  soluble  in  citric  acid 
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reach  0.01  per  cent  of  the  surface  soil,  the  average  number  for  these 
four  plats  being-  0.0082  per  cent,  corresponding  to  a  little  over  200 
pounds  per  acre.  This  figure  corresponds  almost  exactly  with  the 
mean  figure  obtained  for  the  soils  of  the  eight  phosphatically  starved 
barley  plats  from  Hoos  field,  from  the  results  of  which  1  ventured  to 
draw  the  tentative  conclusion  that  when  a  soil  is  found  by  analysis 
to  contain  as  little  as  about  0.01  per  cent  of  phosphoric  acid  soluble 
in  a  1  per  cent  solution  of  citric  acid,  used  as  described,  it  would  be 
justifiable  (as  far  as  cereals  are  concerned)  to  assume  that  it  stands 
in  immediate  need  of  phosphatic  manure.  That  conclusion,  there- 
fore, appears  to  be  well  maintained  by  the  new  results  obtained  from 
the  wheat  soils.  How  far  we  may  go  in  the  other  direction,  in  ventur- 
ing to  fix  a  limit  which  shall  be  indicative  of  the  nonnecessity  of  phos- 
phatic manure,  is  a  more  difficult  question  to  decide.  The  soils  of  the 
various  superphosphate-manured  wheat  plats  in  Broadbalk  field,  like 
those  of  the  corresponding  barley  plats  in  Hoos  field,  have  been  abun- 
dantly or  overabundantly  supplied,  and  would  probably  grow  undimin- 
ished crops  for  some  years  to  come,  if  the  annual  sui^ply  of  phosphatic 
manure  ceased,  nitrogen  (and  other  minerals)  being  supplied  as  usual. 
Those  included  in  our  series  average  from  0.01  to  0.05  per  cent  of 
citric-aeid-soluble  x>hosx3horic  acid — almost  identically  the  averages 
found  for  the  various  corresponding  barley  soils.  That  this  is  indica- 
tive of  superabundance  of  x)hosphates  is  evident  from  the  fact  that 
plat  8,  receiving  the  same  dressing  of  mineral  manures,  but  receiving 
half  as  much  again  of  nitrogen  (GOO  pounds  ammonium  salts  per  acre), 
has  consistently  yielded  considerably  larger  crops.  AVe  seem  thus  in 
a  position  to  say  that  the  limit  of  phosphatic  sufiiciency  for  cereal 
crops  is  somewhere  below  0.01  i^er  cent  of  citric-acid-soluble  i^hos- 
phoric  acid,  while  as  little  as  about  0.01  j)er  cent  indicates  phosphatic 
starvation. 

The  plat  (2b)  continuously  dunged  for  fifty  years  gives  0.056  per 
cent,  and  is  probably  saturated  with  mineral  fertility.  Its  yield  is 
inferior  to  that  of  the  most  liberally  manured  chemical  plat  of  the 
field  (not  represented  in  our  table),  owing,  it  may  be  supposed,  to  an 
insufficient  annual  supply  of  nitrogen  in  a  rapidly  available  form. 

Plat  2a  has  been  dunged  for  over  nine  years.  Previously,  for  nearly 
thirty-five  years,  it  was  unmanured,  except  for  partial  dressings  of 
alkaline  sulphates.  Its  yield  is  about  equal  to  the  average  of  the 
chemically  manured  plats  included  in  our  table,  though  inferior  to 
the  best  of  them.  It  contains  0.03  per  cent  of  citric-acid-soluble  phos- 
phoric acid.  From  various  considerations  it  appears  probable  that 
the  lower  yield  of  plat  2a,  as  compared  with  the  much  longer  dunged 
plat  2b,  is  rather  due  to  a  deficier  cy  in  the  yearly  supply  of  available 
nitrogen  than  to  deficiency  in  the  present  supply  of  mineral  food.  If 
this  were  the  case  our  limit  indicative  of  phosphatic  sufficiency  would 
be  reduced  from  0.0-i  to  0.03  per  cent  of  citric-acid-soluble  phosphoric 
acid. 
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The  probable  limit,  then,  denoting  i3hosx)hatic  deficiency  for  cereals 
seems  to  be,  as  deduced  from  this  investigation,  between  0.01  per 
cent  and  0.03  per  cent  of  citric-acid-soluble  phosphoric  acid  in  the 
surface  soil;  that  is  to  say,  a  percentage  as  low  as  0.01  seems  to  denote 
an  imperative  necessity  for  phosphatic  manuring,  while  as  much  as 
0.03  per  cent  would  seem  to  indicate  that  there  is  no  such  immediate 
necessity.  For  root  crops,  more  especiall}"  turnips,  the  limits  would 
probably  be  higher. 

Brief  Examination  of  the  Results  Obtained  for  Individual  Plats. 

In  view  of  the  fuller  discussion  of  the  detailed  results  in  the  paper 
presented  to  the  Royal  Society,  it  will  suffice  here  to  confine  our  atten- 
tion to  some  of  the  more  striking  indications  obtained  by  comparison 
of  the  analytical  results  with  the  estimated  removal  or  accumulation 
of  phosphoric  acid  during  the  fifty  years. 

Plat  3,  it  will  be  remembered,  is  continuously  unmanured.  Plat  4 
received  some  mineral  dressings  in  its  earlier  years,  but  in  1893  it  had 
been  for  forty-two  years  unmanured.  Assuming  the  phosphoric  acid 
originally  present  in  the  two  soils  to  have  been  alike,  plat  4  should 
now  contain  445  pounds  more  phosphoric  acid  per  acre  than  plat  3. 
We  actually  find  by  analysis  155  pounds  more  of  total  phosphoric  acid 
in  the  surface  soil,  58  pounds  of  this  being  soluble  in  dilute  citric- 
acid  solution. 

Plats  10a  and  10b  have  both  continuously  received  ammonium  salts 
without  phosphates,  except  that  plat  10b  had  some  mineral  dressings 
in  its  earlier  years.  Plat  10b  should  contain  60  pounds  per  acre  more 
phosphoric  acid  than  plat  10a.  We  actually  find  by  analysis  in  the 
surface  soil  78  pounds  more.  The  citric-acid -soluble  phosphoric  acid 
is  the  same  in  the  surface  soil  in  both  plats,  but  in  the  second  and 
third  depths  plat  10b  shows  an  excess  of  41  pounds  per  acre  as  com- 
pared with  plat  10a. 

We  shall  see,  hereafter,  from  the  analyses  of  the  earlier  samples, 
that  on  plats  3,  10a,  and  10b,  especially  the  two  latter,  the  surface 
soils  have  probably  reached  the  stage  at  which  the  quantity  of  mineral 
food  annually  rendered  available  by  natural  processes,  including  the 
decay  of  roots  and  stubble,  balances  the  annual  output  in  the  crops. 

For  the  various  chemically  manured  j)lats  receiving  phosphoric  acid 
the  results  are  tabulated  below : 
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Table  57. — Broadhalk  icheat  soils,  samples  collected  in  October,  1893 — Plats  7,  13, 
i4,  X?,  11,  and  5,  receiving  chemical  fertilizers,  including  phosphates. 


Annual  manuring. 


Estimated 
excess  of 
phosphor- 
ic acid  per 
acre  over 
plat'3,  cal- 
culated 
from 
known  ad- 
ditions and 
removals. 

Excess  of 
total  phos- 
phoric acid 
per  acre, 
found  by 
analysis  in 

first  9 
inches  of 
soil. 

Excess  (  +  )  or  deficiency  (— )  of 
phosphoi'ic acid  ( per  acre)  sol- 
uble in  1  per  cent  citric-acid 
solution,  as   compared  with 
plat  3. 

First  9 
inches. 

Second 
9  inches. 

Third  9 
inches. 

1  to  27 
inches. 

Pounds. 
2,453 

Pounds. 
2,110 

Pounds. 
+1,216 

Pounds. 
—  8 

Pounds. 
+25 

Pounds. 
+1,233 

2,587 

2,359 

+  923 

—37 

—14 

+  872 

2,667 

2,333 

+  9M 

-48 

+  6 

+  902 

2,651 

2,255 

+  869 

—16 

—  3 

+  850 

2, 759 

2,151 

-f  848 

—35 

—11 

+  802 

3,(M9 

2,722 

-t-1,462 

+29 

+42 

+1,533 

Full  minerals  and  ammonium 
salts   

Phosphates,  potassium  and 
ammonium  salts.   

Phosphates,  magnesium  and 
ammonium  salts   

Phosphates,  sodium  and  am- 
monium salts  

Phosphates  and  ammonium 
salts  only   

Full  minerals  without  ammo- 
nium salts  


It  will  be  seen  that  the  greater  part  of  the  calculated  excess  of 
phosphoric  acid  is  actually  found  in  the  surface  soils,  namely,  from 
79  to  91  per  cent.  It  would  appear  that  in  the  course  of  years  some 
of  the  phosphoric  acid  has  desce7ided  lower,  hut  it  is  to  be  remem- 
bered that  the  accumulations  are  calculated  on  the  sux)position  that 
the  soils  were  all  originally  alike  in  phosphoric-acid  contents,  and, 
further,  that  most  of  the  deficit  between  the  calculated  accumulations 
and  those  actually  found  in  the  surface  soil  are  comprised  within  a 
difference  equal  to  only  0.01  percent  of  i^hosphoric  acid  calculated  on 
the  surface  soil.  jSTevertheless,  as  the  difference  is  always  in  the 
direction  of  deficiency,  it  seems  probable  that  on  the  whole  it  is 
attributable  to  descent.  Unfortunately,  the  natural  variations  in  the 
total  i)hosphoric  acid  of  the  subsoils  are  too  great  to  enable  us  to 
verify  the  subsoil  accumulation  of  total  phosphoric  acid. 

Broadly  speaking,  the  results  show  beyond  doubt  that  the  unused 
l^hosphates,  though  applied  in  a  soluble  form,  are  mainly  retained 
near  the  surface. 

Of  the  total  phosphates  added  to  the  soil  in  the  fertilizers,  probably 
nine-tenths  would  be  in  a  condition  originally  soluble  in  weak  citric- 
acid  solution;  but  the  unused  portion,  even  of  the  originally  soluble 
phosphates,  would  enter  into  more  or  less  firm  combination  with  the 
bases  of  the  soil,  as  shown  by  the  retention  of  its  main  bulk  in  the 
surface  soil.  It  is  of  interest  to  see  how  much  of  the  accumulated 
quantity  is  still  to  be  found  in  the  condition  of  ready  solubility  in 
weak  citric-acid  solution.  Of  the  quantity  found  in  this  condition,  a 
part  will  no  doubt  be  due  to  root  and  stubble  residue,  but  in  these 
plats  the  main  portion  found  in  the  surface  soil  may  be  taken  as  due 
to  unappropriated  manure. 

The  proportion  found  is  at  once  seen  to  be  large,  but  variable,  and 
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we  shall  presently  see  that  this  variabilit}'  bears  an  interesting  rela- 
tion to  the  fertilizers  Avhich  have  been  api)lied  together  with  the  super- 
phosphate. 

In  the  second  and  third  depths,  except  in  two  cases,  none  of  the 
phosphoric  acid  which  may  have  descended  appears  now  to  exist  in 
the  citric-acid -soluble  condition.  Some  of  the  phosphoric  acid  which 
may  have  descended  may  well  have  reverted  into  a  condition  insolu- 
ble in  citric  acid ;  but  the  deficiency  of  citric-acid-soluble  phosphoric 
acid  in  the  lower  depths  may  very  possibly  be  related  in  some  cases 
to  the  more  vigorous  plant  growth  on  these  plats,  as  comjjared  with 
the  unmanured  plat.  Being  manured  with  both  nitrogen  and  phos- 
phates, the  roots  of  the  wheat  may  have  developed  more  vigorously 
in  the  second  and  third  depths  of  the  soil,  producing  a  greater  strain 
on  the  phosphoric-acid  resources  of  the  subsoil,  notwithstanding  the 
abundance  of  phosphatic  food  above. 

It  will  be  seen  that  two  of  these  plats  differ  notably  from  the  others 
in  subsoil  contents  of  citric-acid-soluble  phosphoric  acid,  namely, 
plats  5  and  7.  These  two  i3lats  alone,  in  addition  to  phosphoric  acid, 
have  had  persistently  applied  to  them  i3otassiuni,  sodium,  and  mag- 
nesium salts,  400  pounds  per  acre  per  annum  in  the  aggregate.  To 
three  of  the  other  four  plats  one  or  other  of  these  salts  has  been 
applied,  but  only  to  these  two  plats  have  all  three  salts  been  given. 

One  of  the  two,  plat  7,  has  received  ammonium  salts  also,  in  the 
same  quantities  as  i)lats  11  to  14.  The  other,  plat  5,  has  received 
the  same  full  x3hosi3liatic  and  saline  dressing,  but  without  ammonium 
salts. 

The  last-named  plat,  getting  no  nitrogen,  has  yielded  a  very  small 
average  crop,  and  has  naturally  accumulated  a  far  larger  quantity 
of  x3hosphoric  acid,  nearl}^  500  pounds  more  per  acre  being  found  by 
analysis  in  the  first  9  inches  than  in  the  average  of  the  other  plats. 
As  might  be  expected,  there  is  also  a  much  larger  accumulation  of 
citric-acid-soluble  phosphoric  acid,  and  the  proportion  of  citric-acid- 
soluble  to  total  accumulation  is  greater  than  in  the  average  of  the 
other  plats.  Further,  in  both  the  second  and  third  depths  we  find  a 
tangible  excess  of  citric-acid-soluble  phosphoric  acid  beyond  that  in 
the  unmanured  plat,  showing  that  the  available  phosphoric  acid  in  the 
subsoil  has  been  in  excess  of  the  demands  of  the  crops.  This  appears 
to  be  due  not  merely  to  the  absence  of  nitrogen  and  consequent  small 
growth  and  small  assimilation  of  phosphates,  for  plat  7,  which 
receives  ammonium  salts  with  the  same  full  mineral  dressing,  has 
persistently  yielded  a  much  larger  crop  both  of  grain  and  straw  than 
any  of  its  companions.  Its  output  of  i3hosphates  has  consequently 
been  greater,  and  its  accumulation  less;  but  instead  of  being  poorer 
in  available  or  citric-acid-soluble  phosphoric  acid  than  its  compan- 
ions, it  is  now  richer  to  the  extent  of  some  hundreds  of  pounds  per 
acre,  though,  as  might  be  expected,  it  is  not  so  rich  as  plat  5. 
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It  is  also,  as  regards  citric-acid-sohible  phosphoric  acid,  appreciably 
richer  than  the  other  plats  in  the  second  and  third  depths,  thongh 
not  to  the  same  extent  as  i)lat  5. 

It  would  seem  that  the  full  supply  of  soluble  salts  has  either  exerted 
a  solvent  action  on  the  natural  store  of  otherwise  unavailable  phos- 
phoric acid  in  the  soil,  or,  which  is  more  probable,  that  the  manurial 
phosphates  have  entered  into  some  sort  of  combination  with  the  saline 
bases  and  have  been  retained  in  a  less  insoluble  condition  than  where 
these  have  been  absent  or  less  in  quantity.  This  kind  of  solvent 
action  is  greatest  where  a  full  supply  of  saline  matters  has  accom- 
panied that  of  phosphatic  manure,  but  it  is  also  shown  to  exist  in 
the  case  of  the  smaller  separate  ai3plications  of  potassium,  magnesium, 
and  sodium  salts. 

On  i3lat  11,  where  phosphates  and  ammonium  salts  only  have  be^^n 
used,  although  there  has  been  less  demand  on  the  phosphoric  acid, 
the  quantity  of  citric-acid-soluble  phosphoric  acid  is  least.  This  is 
shown  in  the  following  table : 


Table  oS.—Broadbalk  wheat  soils,  samples  collected  in  October.  1893— Plats  5.  7, 

13,  U,  12,  and  11, 


Plat. 

Annual  manuring. 

Ratio   of   excess  of 
citric  -  acid  -  soluble 
phosphoric  acid 
found  per  acre  (as 
compared  with  un- 
manured   plat)  to 
calculated  excess  of 
total  phosphoric 
acid,  the  calculated 
excess  in  each  case 
being  taken  as  100. 

First  9    1  i„.v,p«. 
inches.  m.nes. 

Per  cent. 

Per  cent. 

5 

Phosphates,  potassium,  sodium,  and  magnesium  salts   

48 

50 

7 

Ammonium  salts,  phosphates,  and  potassium,  sodium,  and  mag- 

nesium salts      

50 

50 

13 

Ammonium  salts, phosphates. and  potassium  salts.-   

36 

3i 

Ammonium  salts,  phosphates,  and  magnesium  salts    

35 

34 

12 

Ammonium  salts,  phosphates,  and  sodium  salts   

33 

32 

11 

Ammonium  salts  and  phosphates  only  

31 

29 

In  the  case  of  the  dunged  plats  there  is  a  far  larger  excess  of  phos- 
phoric acid  unaccounted  for.  It  may  be  remembered  that  X3lat  2b  has 
yearly  received  since  1813  a  dressing  of  11  tons  per  acre  of  farmyard 
manure.  Plat  2a  was  unmanured  from  1819  to  1883,  except  that  a  por- 
tion of  it  received  alkaline  salts.  Since  1883  it  has  received  the  same 
treatment  as  plat  2b,  viz,  11  tons  of  dung  per  annum.  The  former 
plat  has  yielded  on  the  average,  for  fifty  years,  over  31f  bushels  of 
wheat  and  32^  hundredweight  of  straw  per  acre,  a  better  ^aeld  than 
that  of  any  of  the  other  plats  already  considered,  though  inferior  to 
that  of  plat  8,  already  alluded  to,  which  in  addition  to  a  full  dressing 
of  mineral  manures  has  received  600  pounds  of  ammonium  salts  per 
annum. 
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During  the  last  six  years  of  the  period  of  fifty  years  w?iich  we  are 
considering  plat  2b  yielded  40J  bushels  of  grain  per  annum  and  38f 
hundredweight  of  straw,  while  plat  7  (400  pounds  of  ammonium 
salts,  with  full  minerals)  averaged  only  34f  bushels  of  wheat  and  33| 
hundredweight  of  straw.  During  the  same  six  years  plat  2a  aver- 
aged 30^  bushels  of  wheat  and  28f  hundredweight  of  straw.  Clearly, 
therefore,  plat  2b  has  reached,  as  would  be  expected,  a  state  of  high 
fertility,  while  plat  2a,  though  at  the  time  of  the  last  soil  sampling  it 
had  for  nine  years  received  the  same  treatment  as  2b,  was  neverthe- 
less far  behind  it  in  fertility,  the  previous  fort}^  years  of  dung  still 
telling  very  markedly  on  the  latter  i3lat.  It  is  much  more  difficult  to 
estimate  the  yearly  addition  of  phosphoric  acid  to  the  dunged  plats 
than  to  estimate  it  in  the  case  of  the  chemically  manured  plats,  for 
the  phosphatic  manures  are  of  fairly  definite  and  uniform  composi- 
tion, while  dung  is  necessarily  variable  and  is  very  difficult  to  sample 
so  as  to  fairly  represent  an  annual  application  of  14  tons  per  acre. 
Any  estimate  is  therefore,  at  the  best,  to  be  regarded  as  only  an 
approximation.  Sir  Henry  Gilbert  estimates  that  the  dung  applied 
contains  0.25  per  cent  of  phosphoric  acid,  and  since  this  small  per- 
centage represents  in  fifty  years  3,920  pounds  per  acre,  it  is  clear 
that  there  is  room  for  considerable  error.  If  the  estimate  of  0.25 
were  0.05  too  high  or  too  low  as  compared  with  the  real  average  per- 
centage  in  a  material  of  so  indefinite  and  so  fluctuating  a  composition 
as  farmyard  manure,  the  error  of  estimate  on  the  fifty  years  would 
amount  to  nearly  800  pounds. 

In  the  following  table  the  estimate  of  0.25  per  cent  is,  however, 
taken. 

Plat  3  (continuously  unmanured)  is  again  taken  as  a  standard,  the 
sum  of  the  estimated  loss  of  phosporic  acid  per  acre  on  plat  3  and  of 
the  estimated  gain  on  plat  2b  representing  the  estimated  excess  per 
acre  in  the  latter  plat. 

Table  59. — Broadbalk  wheat  soils,  samples  collected  in  October,  1893 — Plat  2b 
manured  ivith  IJj-  tons  farmyard  manure  per  acre  per  annum  for  fifty  years. 

Pounds. 

Estimated  excess  of  total  phosphoric  acid  per  acre  over  plat  3, 


at  the  end  of  fifty  years   3, 086 

Excess  of  total  phosphoric  acid  per  acre  over  that  in  plat  3, 
found  by  analysis  in  first  9  inches  of  soil   2, 062 


Excess  of  phosphoric  acid  per  acre  (as  compared  with  plat  3) 
soluble  in  1  per  cent  citric-acid  solution,  found  in — 

First  9  inches      1,105 

Second  9  inches      -   141 

Third  9  inches   36 

Total  (27  inches)     1,282 


It  is  evident  that,  if  the  estimated  quantity  of  phosphoric  acid 
applied  in  the  farmyard  manure  throughout  the  period  of  fifty  3^ears 
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is  correct,  a  very  much  larger  qiiantitj'  of  phosphoric  acid  in  tlie 
form  of  dung  must  have  descended  into  the  subsoil  than  has  been 
the  case  on  the  plats  manured  with  superiDhosphate.  Even  if  we 
allow  some  considerable  margin  in  the  estimate,  it  still  appears  that 
there  must  have  been  a  considerable  descent.  Unfortunately  the 
irregularity  in  the  mineral  composition  of  the  subsoils,  to  which  ref- 
erence has  already  been  made,  makes  it  impracticable  to  trace  the 
descent  quantitatively  as  far  as  total  phosphoric  acid  is  concerned. 
The  descent,  nevertheless,  is  qualitativeh^  seen  in  the  increase  of 
citric-acid-soluble  x)hosphoric  acid  in  both  the  second  and  third 
depths.  Of  the  excess  of  total  phosphoric  acid  (as  comxDared  with 
plat  3)  actually  found  arrested  in  the  first  9  inches,  considerably 
more  than  half  exists  in  the  citric-acid-soluble  state,  forming  a  large 
reserve  of  phosphoric  fertility.  This  reserve,  as  we  have  seen,  is  far 
from  being  confined  to  the  surface  soil,  though  much  of  the  phos- 
phoric acid  which  must  l^e  supposed  to  have  descended  into  the  sub- 
soil has  evidentl}'^  assumed  a  less  available  form. 

This  greater  descent  of  phosphoric  acid  into  the  subsoil  in  the  case 
of  the  dunged  plats,  as  compared  with  the  artificiall}"  fertilized  plats, 
is  a  iDoint  of  much  interest.  The  reason  for  it  msLV  be  a  merely  chemi- 
cal one.  We  have  seen  that  in  the  case  of  iDlats  o  and  7,  where  alka- 
line salts  have  been  liberally  applied,  these  have  ma^-kedly  influenced 
the  condition  of  the  phosphoric  acid  as  com^Dared  with  that  on  the 
plats  on  which  no  alkaline  salts  were  used;  and  the  saline  matters  of 
the  dung  may  have  had  some  similar  effect.  It  also  seems  just  possi- 
ble that  earthworms  may  play  a  part  in  the  distribution  of  the  con- 
stituents of  the  dung,  by  devouring  it  and  conveying  it  downward. 

In  the  case  of  plat  2a,  which  had  been  dunged  for  only  nine  years 
at  the  time  at  which  the  last  soil  samples  were  taken,  the  total  excess 
of  i)hosphoric  acid  over  x^lat  3  actuall}^  found  by  analysis  is  1,186 
pounds  per  acre,  whereas  the  estimated  excess  should  only  be  592 
130unds;  but  the  excess  found  in  a  citric-acid-soluble  condition  is  604 
pounds  in  the  first  9  inches,  29  pounds  in  the  second  9  inches,  and  19 
pounds  in  the  third  9  inches,  a  total  excess  of  652  pounds  per  acre  as 
compared  with  plat  3. 

The  calculated  excess  of  course  involves  not  only  the  supposition 
that  the  dung  was  on  the  average  of  uni»form  composition,  but  also 
the  supi30sition  that  the  soils  were  uniform  to  begin  Avith,  and  there 
is  no  evidence  to  show  that  such  was  actually  the  case. 

Viewing  the  figures  broadly  it  is  at  any  rate  evident  that  much  less 
of  the  dung  phosphates  applied  to  this  plat  during  the  nine  years 
have  reverted  to  the  insoluble  condition  than  in  the  case  of  the  older 
I  dung  accumulations  on  plat  2b.    The  influence  of  the  dung  on  the 
I  available  phosphoric  acid  of  the  subsoil  is  also  much  less  marked 
j  than  in  the  case  of  the  plat  dunged  for  fift}^  years;  nevertheless  it  is 
apparent. 
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Phosphoric  Acid  ix  Drainage  Waters. 

Upward  of  thirty  years  ago  the  late  Dr.  Augustus  Yoelcker  made 
analyses  of  several  series  of  samples  of  the  pipe-drainage  waters  col- 
lected from  the  Broadbalk  wheat  plats.  The  results  were  XDublished 
in  a  paper  On  the  comx30sition  of  waters  of  land  drainage,*'  referred 
to  on  p.  86,  and  was  subsecjuently  summarized  in  a  Rothamsted 
paper,  ''On  the  amount  and  composition  of  the  rain  and  drainage 
waters  collected  at  Rothamsted.*'    (See  p.  4:9.) 

These  are  the  only  fairly  complete  mineral  analyses  that  have  been 
made  of  the  drainage  waters,  although  for  many  years  constant  deter- 
minations have  been  made  of  nitric  nitrogen  and  chlorin.  Averaging 
the  various  sam^Dles  from  each  plat  analyzed  by  Dr.  Yoelcker,  we  have 
the  f ollowino*  results : 


Table  60. — Analyses  of  Broadbalk  field  drainage  waters  made  by  the  late  Dr. 
Augustus  Voelcker,  F.  E,  S.,  1866-1869. 

[Parts  per  million.] 


Plats  o  and  4   Unmannred . 

Plat  10    Ammonium  salts  only  

Plat  5    Full  mineral  dressing  vrithout  nitrogen  

Plat  7    Ammonium  salts  and  full  mineral  dressing  ,  

Plat  11  -   Ammonium  salts  and  superphosphate  

Plat  12    Ammonium  salts,  superphosphate,  and  sodium  sulphate   . 

Plat  13    Ammonium  salts,  superphosphate,  and  potassium  sulphate  

Plat  14   Ammonium  salts,  superphosphate,  and  magnesium  sulphate 


C.( 
1.44 
.91 
.91 
1.66 
1.26 
1.09 
1.01 


If  we  assume  a  downward  percolation  of  10  inches  of  drainage 
water  per  annum,  one  part  per  million  of  water  corresponds,  in  round 
numbers,  to  2^  pounds  per  acre  per  annum.  According  to  this  esti- 
mate, the  average  variations  in  phosphoric  acid  washed  away  in  the 
drainage  waters,  as  shown  in  Dr.  Voelcker's  analyses,  are  from  1-^  to 
3f  pounds  per  acre  per  annum. 

To  some  extent  the  differences  found  bear  a  relation  to  the  manur- 
ing and  cropping  conditions  of  the  i^lats,  but  not  altogether,  and  it  is 
to  be  remembered  that  the  actual  quantities  analytically  dealt  with 
amounted  only  to  small  fractions  of  a  grain  of  phosplioric  acid  per  gal- 
lon of  water;  and  furthermore,  that  the  methods  for  the  quantitative 
estimation  of  minute  quantities  of  phosphoric  acid  thirty  years  ago 
were  not  quite  so  delicate  as  they  are  at  the  i3resent  time.  Too  mucli 
stress,  therefore,  must  not  be  laid  upon  the  quantitative  differences. 

Substantially,  however,  the  results  seem  to  show  that  no  very  appre- 
ciable quantity  of  manurial  phosphoric  acid  passes  away  annually  in 
the  drainage  water  from  the  chemically  manured  plats,  and  that  there 
is  not  a  very  great  difference  between  the  quantity  of  phosphoric  acid 
in  the  drainage  water  from  the  unmannred  plats  on  the  one  hand  and 
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the  very  highly  phosphated  plats  on  the  other,  though  the  descent  by 
drainage  ma}^  of  course  have  become  greater  in  later  years,  as  phos- 
phates have  accuninlated. 

Unfortunately,  Dr.  Yoelcker  made  no  determinations  of  the  phos- 
phoric acid  existing  in  the  drainage  water  from  the  dunged  plat  21).  As 
has  been  mentioned  elsewhere,  the  absorptive  character  of  the  soil  of 
this  plat  is  such  that  it  is  very  retentive  of  moisture,  and  the  drain- 
pipes very  seldom  run  except  in  very  wet  weather,  and  Dr.  Yoelcker 
was  unable  to  obtain  samples  of  the  drainage  water  from  this  plat 
when  the  other  samples  were  collected. 

General  Conclusions  as  to  Phosphoric  Acid. 

The  general  conclusions  derived  from  the  phosphoric-acid  results, 
as  summed  up  in  the  paper  recentty  laid  before  the  Royal  Society,^ 
are  to  the  effect  that  by  far  the  greater  i)roportion  of  the  unconsumed 
phosphoric  acid  in  the  manure  is  accumulated  in  the  surface  soil, 
although  for  the  most  part  originally  soluble  in  water.  In  the  case 
of  dung  there  is  a  considerable  descent  into  the  second  and  third 
depths  of  9  inches,  and  there  is  also  evidence  of  considerable  descent 
into  the  second  and  even  into  the  tliird  dei^ths  in  those  cases  in  which 
superpliosphate  has  been  accomi)anied  by  constant  dressings  of  i3otas- 
sium^  sodium,  and  magnesium  salts.  The  greater  x)art  of  the  calcu- 
lated accumulation,  however,  is  found  b}^  analj'Sis  in  the  surface  soil, 
and  a  large  x^i'oportion  of  it  is  found  in  a  condition  in  which  it  dis- 
solves in  a  weak  solution  of  citric  acid. 

While  the  dilferences  between  the  total  x)ercentages  of  phosphoric 
acid  in  the  surface  soil  correspond  fairly  with  the  history  of  the  plats, 
the}^  would  not  suffice,  in  the  absence  of  a  knowledge  of  such  histoiy, 
to  give  an}^  adequate  indication  of  the  profound  dilferences  in  iDhos- 
phatic  condition  which  we  know  to  exist.  But  the  relative  proportions 
of  citric-acid-soluble  phosphoric  acid  appear  to  alf  ord  a  striking  index 
to  the  relative  phosphatic  fertilit}^  of  the  soils.  In  the  case  of  the 
subsoil  samples  the  irregularities  and  variations  in  the  natural  or 
original  phosphoric  acid  of  the  subsoils  themselves  are  such  that  the 
total  i3ercentages  tell  us,  as  a  rule,  nothing,  while  the  citric-acid 
results  frequently  show  striking  and  consistent  differences,  and  are 
also  of  considerable  interest  in  connection  with  the  problems  of  root 
range  and  subsoil  feeding. 

The  influence  of  akaline  salts  on  the  retention  of  phosphoric  acid 
in  a  less  fixed  and  presumabl}'  more  available  condition  is  interest- 
ing, corresponding  as  it  does  with  the  increase  of  saline  applications. 

The  superabundance  of  phosphoric  acid  estimated  to  have  been 
supplied  in  dung  over  fifty  years  is  less  satisfactorily  accounted  for 
than  is  the  case  with  the  phosphoric  acid  in  the  chemically  manured 

1  Philosophical  Transactions  of  the  Royal  Society  [England],  1901,  series  B,  vol, 
194,  pp.  235-290. 
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plats.  This  may  be  partly  accounted  for  by  the  supposition  that  the 
phosphoric  acid  contained  in  the  dung,  at  any  rate  over  a  portion  of 
the  time,  may  have  been  overestimated,  but  there  appears  reason  for 
supposing  ihat  there  has  been  a  greater  descent  into  the  subsoil  in  the 
case  of  the  plat  dunged  for  fifty  years  than  in  the  case  of  the  chem- 
ically manured  i^lats.  On  the  i^lat  dunged  for  nine  years  only  we 
find  the  estimated  accumulation  fairly  represented  in  the  upper 
depths — for  the  most  jjart  in  the  first  9  inches. 

As  in  the  case  of  nitrogen,  the  soil  possesses  naturally  a  very  large 
reserve  of  phosphoric  acid,  but  again,  as  in  the  case  of  nitrogen,  the 
quantity  annually  rendered  available  for  the  use  of  plants  by  natural 
soil  processes  is  insufficient  to  suffice  for  the  needs  of  anything  like 
an  average  crop. 

Potash. 

General  Discussion  and  Statement  of  Analytical  Results  on  Broad- 
balk  Soils  and  Subsoils  of  1893. 

The  total  potash  has  not  been  determined  in  the  various  samj^les. 
The  Broad])alk  soil,  like  most  soils  containing  much  clay,  contains  a 
great  quantity  of  potash  in  the  form  of  silicates  decomposable  only 
by  fusion  or' by  treatment  Avith  hydrofluoric  acid.  Tlie  quantity  of 
potasli,  including  this,  is  betAveen  1  and  2  per  cent  in  the  surface  soil 
and  probably  more  in  the  subsoil.  This  means  that  in  the  first  i) 
inches  of  soil  there  are  probably  15  tons  of  potash  per  acre  in  a 
dormant  form,  Avliile  the  quantity  in  each  succeeding  depth  is  proba- 
bly greater.  Such  potash  forms  a  reserve  stock  for  the  distant  future, 
and  is  no  doul)t  A'ery  gradually  rendered  aA'aiiable  for  plant  use  by 
the  natural  processes  going  on  A\ithin  the  soil.  But,  even  with  this 
great  reserA'e  of  total  potash,  the  soil  is  unable  to  furnish  a  sufiicient 
annual  supply  to  the  Avheat  crop  under  a  system  of  continuous 
cropping. 

It  is  usual  in  soil  analysis  to  neglect  to  take  into  account  potash 
existing  in  so  insoluble  a  form  as  to  be  separable  only  by  means  of 
fusion  or  treatment  with  hydrofluoric  acid,  for  such  potash  is  obvi- 
ously far  remoA'ed  from  the  range  of  present  utility,  and  (jnly  to  take 
into  account  such  potash  as  is  soluble  in  hydrochloric  acid.  It  is  by 
this  time  Avell  recognized,  hoAA^ever,  that  CA'cn  tlii>  soh'ent  extracts,  at 
all  eA'ents  in  many  cases,  far  more  i^otash  than  can  be  in  any  sense 
regarded  as  of  present  utility.  Unfortunately,  this  is  not  the  oiil}' 
unsatisfactory  asxject  of  the  determination  of  potash  by  h^Tlrochloric- 
acid  extraction.  The  quantity  of  potash  extracted  A'aries  greath',  not 
only  Avitli  the  strength  and  quantity  of  acid  used,  but  also  Avith  the 
duration  of  the  x^i'ocess  and  Avith  the  temperature. 

The  potash  dissoh^ed  by  liA'drochloric  acid  Avas,  hoAvever,  deter- 
mined in  a  large  number  of  samples,  the  quantity  of  soil  taken  for 
the  determination  being  10  grams,  and  the  extraction  being  made  by 
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treatment  and  evaporation  to  dryness  witli  50  cubic  centimeters  of 
strong  liydrocliloric  acid,  the  residne  being  redigested  on  the  water 
bath  for  one  hour  witli  25  cubic  centimeters  of  strong  hydroclikn-ic 
acid. 

Tlie  citric-acid-soliible  potash  was  determined  in  tlie  sohition  ob. 
tained  on  treatment  of  200  grams  of  the  s(nL  as  already  described 
under  the  heading  of  phosi)lioric  acid,  tlie  potasli  being  determined 
in  a  quant  it}"  of  solution  representing  50  grams  of  soil. 

The  results  for  the  1893  samples  were  as  follows: 

Table  61. — Broadbalk  wheat  soils,  scoiij^Ics  collecfcd  i)i  October,  lS9o — Potash 

defe)')ii  iiu(t(0}is. 


POTASH  DISSOLVED  BY  STRONG  HYDROCHLORIC  ACID. 


First  depth. 

Second  depth. 

Third  depth. 

Plat. 

Auniial  manuring. 

Per 

Pounds 

Per 

Pounds 

Per 

Pounds 

cent. 

per  acre. 

cent. 

per  acre. 

cent. 

per  acre. 

2a 

Farmyard  manure  since  1884   

0. 277 

6. 953 

0. 398 

10,632 

0. 415 

13, 930 

2b 

Farmyard  manure  50  years   . 

(i.t)52 

.  318 

8. 495 

.499 

11.585 

3 

'  220 

5.704 

8,949 

.495 

13,818 

4 

.21i» 

5. 078 

:m 

11,059 

.507 

14, 153 

5 

.  ;*70 

.410 

10, 952 

.472 

13. 176 

Full  minerals  and  ammonium  salts  . 

.  202 

o!  75« 

.  361 

9,643 

.459 

12. 813 

10a 

Ammonium  salts  uio  minerals  since 

1844)..     

.  240 

.  394 

10.525 

.533 

14, 879 

10b 

Ammonium  salts  (no  minerals  since 

1850)   

.  234 

0.007 

.  :>Mi 

9.590 

.507 

14, 153 

11 

Phosphates  and  ammonium  salts  .  - . 

.  lo: 

5.107 

9.537 

.459 

12,813 

12 

Phosphates,  sodium,   and  ammo- 

nium salts  -  -  -  

.  223 

.3:1 

9.  911 

.488 

13,623 

13 

Phosphates,  potassium,  and  ammo- 

nium salts   

.  273 

7,078 

.379 

10, 124 

.433 

12,087 

14 

Phosphates,  magnesium,  and  ammo- 

nium salts   

.m 

6.222 

.4(U 

10, 792 

.  408 

11,389 

POTASH  DISSOLVED  BY  A  1  PER  CENT  SOLUTION  OF  CITRIC  ACID. 


First  depth. 

Second  depth. 

Third  depth. 

Plat. 

Annual  manuring. 

Per 

Pounds 

Per 

Pounds 

Per 

Pounds 

cent. 

I)er  acre. 

cent. 

per  acre. 

cent. 

lier  acre. 

2a 

Farmyard  manure  since  1884  

0. 0330 

828 

0.0168 

449 

0. 0096 

268 

2b 

Farmyard  manure  50  years   

.  (r>84 

896 

.  0276 

737 

.  0128 

357 

3 

Unmanured    

.  oo;?2 

83 

.0060 

160 

.  0072 

201 

4 

CJnmanured  since  1852  

.  (_H)52 

135 

.  0060 

1150 

.  0044 

123 

5 

Full  minerals   

.  03)08 

799 

.  0224 

598 

.  0092 

257 

Full  minerals  and  ammonium  salts  - 

.  0232 

.  602 

.  0140 

374 

.  0064 

179 

10a 

Ammonium  salts  (no  minerals  since 

1844)    

.  m2 

83 

.  0032 

86 

.  0048 

134 

10b 

Ammonium  salts  (no  minerals  since 

1850)   

.0040 

104 

.0(r)2 

139 

.  0036 

101 

11 

Phosphates  and  ammonium  salts 

.  0032 

83 

.  0028 

.  0036 

101 

13 

Phosphates,  sodium,  and  ammo- 

.0036 

101 

.  (H)40 

104 

.  0040 

107 

13 

Phosphates,  potassium,  and  ammo- 

. 0084 

235 

nium  salts  -  -   

.  0188 

487 

.  oi;>6 

363 

14 

Phosphates,  magnesium,  and  ammo- 

.0052 

145 

.0(^24 

62 

.0048 

128 

As  far  as  regards  the  hydrocliloric-acid-soluble  potash,  attention 
need  only  be  directed  to  the  surface  soils,  though  in  the  case  of  the 
citric-acid-soluble  potash  it  will  be  of  interest  to  ecmsider  tlie  results 
for  all  the  three  depths  examined.  The  hydi'oeliloric-acid  figures, 
however,  for  the  second  and  third  depths  appear  to  have  so  little 
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practical  meaning  that  they  may  be  left  out  of  consideration,  for  the 
quantity  of  potash  dissolved  by  the  mineral  acid  in  these  lower  depths 
is  vastly  in  excess  of  the  i)otash  which,  from  any  jyoint  of  view,  can  be 
regarded  as  of  nearly  prosi)ective  ntility,  and  its  variations  are  obvi- 
ously so  independent  of  the  manurial  treatment  and  cropping  history 
of  the  soils  as  to  deprive  them  of  apparent  practical  significance. 

The  more  important  results  may  be  conveniently  studied  in  the 
following  table : 

Table  62. — BroacTbalk  icheat  soils,  samples  collected  in  October,  1893. 


Plat. 


Potash  in  fine  dry  soil. 


Dis- 

Annual  manuring  for  50  years  '  w  T.t? 
(with  only  minor  variations  Hr^^^r^v^iA 
during  the  earlier  years) .         |  ^ci^d.' 


j  First 
;  9  inches. 


Dissolved  by  1  per  cent  cit- 
ric-acid solution. 


First 
9  inches. 


Second  |  Third 
9  inches.  9  inches. 


Average  yield 
per  acre, 
1889-1894. 


Wheat. 


Straw. 


3  Unmanured  continuously  

4  Unmanured  continuously  since 
1852  

10a  Ammonium  salts  only  since  1841 . 
10b  Ammonium  salts  only  since  1850  . 
11  Ammonium  salts  and  superphos- 
phate  ---   

Ammonium  salts,  superphos- 
phate, and  sodium  sulphate 
(some  potassium  salts  prior  to 

1852)  ----  -  

14  Ammonium  salts,  superphos- 
phate, and  magnesium  sulphate 
(some  potassium  salts  prior  to 
1852)  

13  Ammonium  salts,  superphos- 
phate, and  potassium  salts  

7  Ammonium  salts,  superphos- 
phate, and  potassium,  sodium, 

and  magnesium  sulphates  

Superphosphate  and  potassium, 
sodium,  and   magnesium  sul- 
I   phates  (no  nitrogen)  

2b   14  tons  farmyard  manure  | 

2a    14  tons  farmyard  manure  (com-  ! 
mencing  in  1884-85)  | 


Per  cent. 
0.220 


.240 
.234 


.223 


.240 


Per  cent. 
0.0032 

.0052 
.0032 
.0040 

.0032 


.0040 


Per  cent.  Per  cent. 
0.0060  0.0072 


.0060 
.0032 
.0052 

.0028 


.0040 


.0044 
.0048 
.0036 

.0036 


.0036 


.0024 


.0048  !  .0052 


.273 


.262 


.279 


.285 


.0188 
.0232 


.0136 
.0140  I 
.0224  1 


.0084 
.0064 
.0092 


.0384 
.0330 


.0276  j 
.0168  I 


.0128 
.0096 


Bushels. 
12i 

18 
21f 


29i 


29i 


32| 
34f 
1^ 


m 

30i 


Cwt. 


9i 

m 
m 


27i 


31f 
331 
10^ 


38f 


It  will  be  seen  that  we  have  a  series  of  plats  of  which  some  are 
wholly  unmanured,  some  manured  with  ammonium  salts  only,  and 
several  with  both  ammonium  salts  and  phosphates.  Of  these  last,  one 
plat  is  Avithout  alkalies,  one  receives  sodium  salts,  another  magnesium 
salts,  one  potassium  salts,  and  another  all  of  these  materials.  We 
see  that  plat  11  without  alkalies,  though  abundantly  supplied  with 
nitrogen  and  phosphates,  has  evidently  largely  exhausted  the  readily 
available  potash  of  the  soil  by  comparing  its  recent  yield  of  wheat 
and  straw  (more  esj)ecially  the  latter)  with  that  of  the  potash  plat  13. 
We  also  see  that,  either  in  ^^rtue  of  certain  applications  of  potassium 
salts  forty  years  or  more  ago  or  in  virtue  of  the  solvent  action  on 
soil  potash  of  the  sodium  and  magnesium  salts  applied  every  year, 
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plats  12  and  14  are  very  much  more  fertile  than  plat  11,  though  dis- 
tinctly less  fertile  than  plat  13,  which  gets  an  abundance  of  potassium 
salts,  and  still  less  so  than  plat  7,  which  gets  all  three  salts. 

The  results  of  the  determinations  of  hydrochloric-acid-soluble 
potash  in  the  first  depths  and  of  the  citric-acid-soluble  potash  in  all 
three  depths  of  the  various  plats  will  be  seen  to  ^lossess  great  interest 
and  are  worthy  of  consideration  in  detail. 

For  the  moment,  however,  Ave  may  advantageously  condense  our 
table  as  we  did  in  the  case  of  phosphoric  acid  and  consider  the  average 
results  given,  respectively,  by  the  plats  manured  and  unmanured  with 
potash  salts  and  with  dung.    These  are  as  follows: 


Table  63. — Broadbalk  wheat  soils,  samples  collected  in  October,  1803, 


Plat. 

Annual  manuring  for  50 
years  (with  some  vari- 
ations during  the  ear- 
lier years). 

Average  potash  in  fine  dry  soil. 

Average  yield 
per  acre, 
1889-1894. 

Dis- 
solved 
by  hy- 
drochlo- 
ric acid. 

Dissolved  by  1  per  cent 
citric-acid  solution. 

First 
9  inches. 

First  9 
inches. 

Second  9 
inches. 

Third  9 
inches. 

Wheat. 

straw. 

3,  4,  10a,  10b, 
ll,13,andU. 

13, 7,  and  5- 

2b   

\ 

2a  

No  potash  salts,  except 
odd  dressings  in  early 
years  on  10  b,  12  and  14. 

All  manured  annually 
with  dressings,includ- 
ing  potash  salts. 

14  tons  farmyard  ma- 
nure yearly. 

14  tons  farmyard  ma- 
nure, commencing 
only  in  1884-85. 

Per  cent. 
0. 225 

.271 

.285 
277 

Per  cent. 
0.0036 

.0343 

.0384 
.0330 

Per  cent. 
0. 0046 

.0167 

.  0276 
.0168 

Per  cent. 
0. 0046 

.0080 

.0128 
.0096 

Bushels. 
20 

27i 

40t 
30i 

Cvjt. 

m 

25i 

381 
281 

/  The  continuous  application  of  potash,  whether  in  the  form  of  pot- 
ash salts  or  of  dung,  had  made  itself  evident  in  the  hydrochloric-acid- 
soluble  potash.  But  there  is  no  such  difference  as,  apart  from  knowl- 
edge that  the  samples  are  from  the  same  field,  would  suffice  to  lead 
to  the  conclusion  that  the  soils  of  the  first  group  were,  from  a  practical 
point  of  view,  deficient  in  potash.  Taking  the  averages  for  the  first 
group  as  unity,  we  find  the  following  ratios : 


Number  of  plats. 


Mode  of  manuring. 


Ratio  of  hy- 
drochloric- 
acid-soluble 
potash  to 
that  in  7  non- 
potash  plats. 


7  plats 
3  plats 
1  plat  - 
1  plat  . 


Without  potash  for  forty  years 

Potash  dressed   

Dung  fifty  years  

Dung  nine  years  


1.00:1 
1.20:1 
1.27:1 
1.23:1 
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A  comparison  of  tlie  citric-acid-soluble  potash,  lioweve]*,  ax)pears  to 
be  niucli  more  instructive  as  to  the  potash  condition  of  the  soils. 
The  ratios  are  as  follows: 


Number  of  plats. 


Mode  of  manuring. 


Ratio  of  citric-acid-soluble  pot- 
ash to  that  in  the  7  nonpotash 
plats. 


First  9 
inches. 


Second  9 
inches. 


7  plats 
3  plats 
1  plat  - 
1  plat  - 


Without  potash  for  forty  years 

Potash  dressed   

Dung  fifty  years   

Dung  nine  years.  


1.00  : 1 
6.75  : 1 
10.67:1 
9.17  : 1 


1.00  : 1 
3.63  : 1 
6.00:1 
3.65  : 1 


These  flgures  are  so  striking  that  but  little  comment  on  them 
appears  to  be  necessary.  The  chemically  manured  potash  plats  show 
in  the  first  9  inches  nearly  seven  times  as  much  citric-acid-soluble 
potash  as  those  left  without  potash  dressings,  and  in  the  second  9 
inches  about  three  and  a  half  times  as  much,  while  even  in  the  third 
depth  there  is  nearly  twice  as  much,  showing  that  even  in  these 
clayey  loams  potash  salts  do,  to  an  appreciable  extent,  find  their  way 
downward  into  the  lower  subsoil.  The  greater  portion  of  the  accumu- 
lation, however,  is  (in  accordance  Avitli  the  generally  accepted  views 
of  the  chemistry  of  fairly  heavy  soils)  found  to  be  in  the  upper  soil, 
where  the  potash  appears  to  enter  into  more  loose  combination  with 
the  constituents  of  the  clay. 

In  the  continuously  dunged  soil,  where  the  estimated  excess  of  pot- 
ash applied  has  been  much  greater,  we  find  in  the  top  soil  more  than 
ten  times  as  much  citric-acid-soluble  potash  as  in  the  nonpotash  plats, 
in  the  second  9  inches  six  times  as  much,  and  in  the  third  9  inches 
nearly  three  times  as  much;  while  even  in  the  i)lat  dunged  for  nine 
years  only  we  find  nine  times  as  much  in  the  top  soil,  three  and  a  half 
times  as  much  in  the  second  9  inches,  and  twice  as  much  in  the  third. 
It  would  seem  as  though  the  potash  of  the  dung,  possibly  in  some 
organic  state  of  combination,  descends  more  easily  into  the  subsoil 
than  do  the  inorganic  potash  salts.  This  point,  however,  will  claim 
our  attention  later. 

In  the  paper  on  the  Hoos  field  barley  soils  a  tentative  conclusion 
was  drawn  that  the  percentage  of  citric-acid-soluble  potash  in  the 
surface  soil  indicative  of  potash  hunger  would  for  cereals  probably 
lie  below  0.005.  On  considering  the  results  of  the  wheat  soil  analyses 
and  other  results  obtained  in  the  interim  by  workers  who  have  api)lied 
the  method  to  other  soils  known  from  experience  to  be  responsive  to 
the  infiuence  of  potassium  salts,  the  lecturer  would  now  be  inclined 
to  modify  thi.':^  conclusion  by  suggesting  that  when  a  soil  contains  as 
much  as  0.01  per  cent  of  citric-acid-soluble  potash  as  determined  by 
this  process  it  may  be  regarded  as  not  demanding  any  special  appli- 
cation of  potassium  salts. 
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Brief  Examination  of  the  Results  Obtained  in  the  Case  of  Individual 

Plats. 

Plat  3  has  been  unmanured  for  fift}^  years.  Plat  4  has  been  nnma- 
nured  for  fort}^  j^ears,  but  previously  was  annually  dressed  with 
superphosphate  and  ammonium  salts,  and  has  in  consequence  ever 
since  given  a  slightly  better  yield  than  plat  3.  (See  Table  53.)  It 
was  never  regularly  manured  with  potash,  but  in  its  first  year,  fifty 
3^ears  prior  to  1803,  it  had  a  dressing  of  farmyard  manure  ashes, 
estimated  to  have  supplied  235  pounds  per  acre  of  potash.  In  fifty 
years  it  has  yielded  in  its  crops  87  pounds  of  potasli  i3er  acre  more 
than  X3lat  3,  but  owing  to  the  initial  supply  referred  to  its  actual  loss 
in  cropping  has  been  140  x^ounds  less  per  acre  than  that  of  plat  3. 
This  difference  is  not  indicated  in  the  liydrochloric-acid  figures,  but 
it  is  qualitativel}^  indicated  in  the  surface-soil  contents  of  citric-acid- 
soluble  potash,  there  being  found  by  analysis  in  1893  in  the  surface 
soil  an  excess  of  52  pounds  per  acre  in  this  form  as  compared  with 
plat  3. 

Plats  10a  and  101)  have,  it  will  be  remembered,  been  continuously 
dressed  Avith  ammonium  salts  without  minerals,  except  that,  while 
both  plats  had  a  dressing  of  minerals  in  1844,  plat  10b  was  also  dressed 
with  minerals  in  1848  and  1850.  The  effect  of  these  two  extra  dress- 
ings of  minerals  on  the  yield  of  i^lat  10b  is  apparent  in  the  crops  down 
to  the  present  day.  The  extra  minerals  applied  to  i)lat  10b  included 
300  pounds  of  i)otash  per  acre,  and  this  i^lat  has  yielded  in  its  crops, 
up  to  1893,  115  pounds  more  potash  x)er  acre  than  plat  10a.  Deduct- 
ing the  excess  in  yield  from  the  excess  in  suppl}^,  plat  10b  has  lost 
less  potash  in  its  crops  by  185  pounds  per  acre  than  plat  10a.  Here, 
again,  the  hydrochloric-acid  results  indicate  no  difference,  but  in  the 
citric-acid  results  we  find  that  plat  10b  shows  21  pounds  more  citric- 
acid-soluble  potasli  in  the  first  depth,  and  53  pounds  more  in  the 
second  depth. 

We  will  now  compare  the  results  of  the  various  plats  which  have  all 
received  both  phosphate  and  ammonium  salts,  but  which  differed 
in  their  treatment  as  to  other  saline  manures.  Table  64  shows  at  a 
glance  the  mineral  treatment  of  each  plat,  the  estimated  excess  or 
deficiency  of  potash  per  acre  as  compared  with  plat  11  (calculated 
from  known  manurial  additions  and  crop  removals),  the  excess  or 
deficiency  of  hydrochloric-acid-soluble  potash  found  by  analysis 
in  the  first  9  inches  as  compared  with  plat  11,  and  also  the  excess  or 
deficiency  of  citric-acid-soluble  potash,  again  as  compared  with  plat 
11,  shown  respectively  in  the  first,  second,  and  third  depths  of  9 
inches  each,  and  also  in  the  total  27  inches  which  they  comprise. 
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Table  64. — Broaclhalk  ivJieat  soils,  samples  collected  in  October,  1893 — Plats  11, 

12,  U,  13,  7,  and  5. 


Annual  manuring. 


Estimated 
excess  or 
deficiency 
of  potash 
per  acre  in 
soil  after 
fifty  years 

as*^  com- 
pared with 
plat  11  (cal- 
culated 
from 
known  ad- 
ditions and 
removals). 


Phosphates  and  ammonium 
salts  only   

Phosphates,  ammonium,  and 
sodium  salts  (some  potas- 
sium salts  in  earlier  years)  _ . 

Phosphates,  ammonium,  and 
magnesium  salts  ( some  potas- 
sium salts  in  earlier  years) . . 

Phosphates,  ammonium,  and 
potassium  salts  

Phosphates  and  ammonium, 
potassium,  sodium,  and  mag- 
nesium salts.-  -  -. 

Phosphates  and  potassium,  so- 
dium, and  magnesium  salts 
(no  nitrogen)  -  .-  


Excess  of 
hydro- 
chloric- 
acid -solu- 
ble  potash 
per  acre 
found  by 
analysis  in 
first  9 
inches  of 
soil  as  com- 
pared with 
plat  11 


Pounds. 


+  20 

-  92 
+4. 052 

+3, 662 

+5, 242 


Excess  or  deficiency  of  «5itric-acid- 
soluble  potash  per  acre  found 
by  analysis  as  compared  with 
plat  11. 


First 
9  inches. 


Pounds.  Pounds, 


+  675 


+  21 


+1,115  -  21 

+1,971  +404 

+1, 686  +519 

+2,126  I  +716 


Second 
9  inches. 


Third 
9  inches. 


Poitnds. 


+  32 
+  53 


+299 
+523 


Pounds. 


+  44 
+134 

+  78 

+156 


inches. 


Pounds. 


+  53 

+  76 
+  826 

+  896 

+1,395 


As  far  as  the  liyclrocliloric-acid  results  are  concerned,  we  find  a  con- 
siderable increase  in  the  j)otash  dissolved  from  the  surface  soils  of  all 
the  i)lats  which  have  received  alkaline  manures,  and  the  increase,  as 
would  naturally  be  exx^ected,  is  very  much  greater  in  the  case  of  the 
plats  which  have  l^eeii  constantly  manured  with  potassium  salts,  and 
greatest  of  all  on  plat  5,  in  the  case  of  which,  owing  to  the  absence  of 
a  manurial  supply  of  nitrogen,  the  least  demand  has  been  made  on  the 
mineral  contents  of  the  soil.  We  do  not,  however,  find  in  any  case 
that,  in  the  surface  soil,  hydrochloric  acid  yields  as  much  as  even 
one-half  of  the  calculated  acreage  accumulation  of  potash. 

We  will  now  pass  on  to  the  citric-acid  results. 

Plat  12  is  calculated  to  contain  20  pounds  of  potash  per  acre  more 
than  plat  11.  The  quantity  found  by  citric  acid  in  the  surface  soil  is 
21  pounds,  with  32  pounds  in  the  second  depth,  making  an  excess  over 
plat  11  of  53  j)ounds  iDcr  acre.  This  plat  (plat  12)  is  even  now  much 
more  fertile  than  iDlat  11,  although  the  equivalent  of  the  actual  pot- 
ash added  lias  been  nearly  used  up,  and  the  potash  in  its  produce  is 
still  annually  far  larger  than  in  that  of  plat  11.  There  can  be  little 
doubt  that  the  action  of  the  sodium  sulphate  annually  supplied  keeps 
up  a  considerable  annual  supply  of  available  potash. 

Plat  13,  with  a  full  supply  of  potash,  has,  in  fifty  years,  yielded 
about  4  per  cent  more  grain  and  about  9  per  cent  more  straw  than  plat 
12;  but  its  crops  have  contained  2,410  pounds  of  potash  per  acre,  as 
against  1,743  pounds  in  those  of  plat  12.    The  potash-manured  crops, 
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therefore,  while  only  from  4  per  cent  (grain)  to  9  per  cent  (straw) 
larger,  have  contained  nearly  40  ])ev  cent  more  potash. 

One  is  somewhat  temi^ted  to  draw  the  inference  that,  in  the  produce 
of  the  sodium  sulphate  plat  (12),  soda  has  partially  replaced  x)otash. 
In  an  elaborate  study  of  the  vegetative  conditions  and  of  the  ash 
constituents  of  the  mixed  herbage  of  grass  land,  embodied  in  a  recent 
pai3er  by  the  late  Sir  John  Lawes  and  Sir  J.  Henry  Gilbert,^  we  are, 
however,  Avarned  against  the  temx3tation  to  assume  that,  even  in  adverse 
circumstances,  soda  can  functionally  take  the  place  of  i^otash.  It  is 
pointed  out  that,  in  defect  of  sufficient  potash,  more  of  soda  or  of  lime, 
or  of  both,  will  be  taken  up — probably  as  carriers  of  nitric  acid — and 
retained  by  the  plant,  but  that  the  herbage  Avill  be  more  leafy  and 
immature  than  where  abundant  potash  is  available.  The  free  devel- 
opment of  carbohj'drates  functionally  demands  the  presence  of  an 
adequate  quantity  of  potash ;  and,  if  the  i3lant  is  stinted  in  potash, 
neither  phosphates  nor  nitrates,  even  vrith  the  assistance  of  abundant 
soda  and  lime,  can  enable  it  to  develoj)  to  its  utmost.  In  the  last  six 
years  of  the  fift}'  3'ears  now  under  review  the  annual  i3roduce  of  plat 
13,  with  potassium  sulphate,  has  exceeded  that  of  plat  12  (with  sodium 
sulphate)  by  bushels  of  grain  and  6^  hundredweight  of  straw. 
Both  ripe  grain  and  straw  consist  mainly  of  carbohydrates,  a*nd  the 
excess  virtually  indicates  the  greater  carbohydrate  elaborative  i30wer 
conferred  on  the  wheat  plant  by  supplying  it  freely  with  potassium 
salts,  and  the  inability  of  sodium  salts  to  functionally  replace  them. 
But  the  output  of  potash  from  i3lat  12  in  quite  recent  years  is  so  much 
greater  than  from  X3lat  11  without  either  i3otasli  or  soda  that  there 
can  be  little  doubt  of  the  practical  action  of  the  sodium  salts  as  a 
solvent  of  the  soil  i3otash. 

Plat  1-4  is  similar  in  every  Avay  in  its  histor^^  to  plat  12,  except  that 
it  has  been  annually  dressed  with  280  i30unds  of  magnesium  sulphate 
per  acre  instead  of  with  366|  i)Ounds  of  sodium  sulphate.  Its  yield, 
though  less  than  that  of  plat  13,  has  been,  on  the  average  of  Mij 
years,  slightly  better  than  that  of  plat  12,  over  half  a  bushel  of  grain 
and  nearly  1  hundredweight  of  straw  per  acre  being  the  annual  advan- 
tage. In  later  years  the  inferiority  to  plat  13  has  become  more  marked, 
but  the  superiority  to  plat  12  is  still  distinct,  especially  in  the  yield 
of  straw.  While  receiving  slightly  less  potash  in  its  early  dressings 
than  plat  12,  plat  11  has  given  in  its  crops  nearly  100  pounds  more 
potash  in  fifty  years.  There  should,  by  calculation,  be  now  a  deficit 
of  92  i30unds  of  potash  per  acre  as  comi3ared  with  plat  11. 

The  surface  soil  of  plat  14  yields  much  less  citric-acid-soluble  potash 
than  was  the  case  in  1881,  but  the  second  and  third  depths  still  main- 
tain their  superiority,  leaving,  as  compared  with  plat  11,  a  balance 
to  the  good  of  76  pounds  per  acre  of  easily  soluble  potash  in  the  27 

1  Philosophical  Transactions  of  the  Royal  Society-  [England],  series  B,  1901, 
vol.  192,  pp.  189-210. 
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inches  of  soil,  as  against  a  calculated  deficiency,  owing  to  cropping, 
of  92  pounds.  From  these  facts,  as  well  as  from  the  higher  output  of 
potash  from  this  plat,  there  seems  to  be  little  doubt  that  the  magne- 
sium sulphate,  like  the  sodium  sulphate,  has  acted  as  a  potash  solvent, 
but  to  an  appreciably  greater  extent,  especially  in  the  subsoil. 

We  now  pass  on  to  plat  13,  Avhich  has  received,  in  addition  to  ammo- 
nium salts  and  superphosiDhate,  a  liberal  annual  dressing  of  potash 
far  in  excess  of  the  demands  of  the  crops.  The  excess  of  supply  of 
potash  per  acre  over  the  outx)ut  of  potash  in  the  crops  should  leave 
the  plat  richer  than  plat  11  to  the  extent  of  4,052  x^ounds  per  acre. 
We  find  soluble  in  dilute  citric-acid  solution  in  the  27  inches  of  soil 
an  excess,  as  compared  with  plat  11,  of  827  pounds.  Of  this  quantity 
404  X30unds  per  acre  is  in  the  surface  soil,  288  pounds  in  the  second 
depth,  and  134  pounds  in  the  third  depth,  indicating  a  descent  of  the 
potassium  salts.  The  citric-acid-soluble  accumulation,  even  in  the 
whole  27  inches,  however,  although  so  great,  is  not  much  more  than 
20  per  cent  of  the  expected  accumulation.  Either,  therefore,  much 
of  the  potash  has  been  washed  down  to  lower  depths  still,  or  it  has 

reverted  "  into  some  form  of  combination  with  the  bases  of  the  soil 
in  which  it  fails  to  be  dissolved  b}'  weak  citric-acid  solution. 

Plat  7  is  manured  like  plat  14,  but  has,  in  addition  to  potassium 
salts,  received  also  an  annual  dressing  of  sodium  and  magnesium 
salts.  This  plat  has  on  the  average  yielded  1^  bushels  more  grain  and 
If  hundredweight  more  straw  per  acre  than  plat  13,  while  in  the  last 
six  years  (1889-1894)  it  gave  2f  bushels  more  grain  and  If  hundred- 
weight more  straw  per  acre.  Its  larger  yield  of  crops  has  entailed  a 
distinctly  larger  output  of  x)otasli,  so  that  the  estimated  excess  in  the 
soil  (3,662  pounds  per  acre  more  than  plat  11)  is  390  pounds  less  than 
on  plat  13.  Citric  acid  dissolves,  however,  from  this  iDlat  115  pounds 
more  potash  per  acre  than  in  the  case  of  plat  13  in  the  surface  soil  and 
11  pounds  more  in  the  second  9  inches,  but  56  pounds  less  in  the  third 
9  inches,  leaving  a  balance  of  70  x^ounds  per  acre  in  favor  of  plat  7  in 
the  whole  27  inches.  On  the  whole,  and  mainly  in  the  surface  soil,  it 
would  seem  that  the  magnesium  and  sodium  salts  have  effected  the 
retention  of  considerably  more  of  the  potash  in  an  easily  soluble 
condition. 

Plat  5  is  a  duplicate  of  plat  7,  with,  however,  the  important  excep- 
tion that  it  has  received  no  nitrogenous  manure  whatever.  It  yields 
but  meager  crops — better,  it  is  true,  than  those  of  the  wholl}'  unma- 
nured  plat — even  now  after  fifty  years.  It  lias  given  less  than  half  tlie 
quantity  of  grain  yielded  b^^  plat  7  and  about  three-eighths  of  the 
straw.  Its  estimated  excess  of  i3otasli  as  compared  with  plat  11  is 
5,242  pounds  per  acre,  or  1,580  pounds  more  than  plat  7.  The  sur- 
face soil  is  richer  in  citric-acid- soluble  potash  than  that  of  plat  7  by 
203  pounds  per  acre,  the  second  9  inches  by  225  pounds,  and  the  third 
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9  inches  by  78  pounds,  making  in  the  27  inches  just  over  500  pounds 
per  acre,  or  nearly  one-third  of  the  estimated  difference. 

We  have  yet  to  consider  the  two  farmyard-manured  plats  2b  and  2a, 
the  former  of  which  has  received  continuously  throughout  the  experi- 
ments 14  tons  of  dung  per  acre  per  annum,  while  the  latter  has  been 
similarly  treated  since  1884  onl}',  having  been  previously  unmanured. 

An  examination  of  the  results  yields  the  following  data: 


Table  65. — Broadbalk  tvheat  soils,  samples  collected  in  October,  1893 — Plats  2h 

and  fa. 


Plat  2b 
(dunfj:ed 
for  50 
years). 

Plat  2a 
(dunged  for 
9  years;  un- 
manured for 
preceding 
41  years). 

Estimated  excess  of  potash  per  acre  as  compared  with  plat  3  

Excess  of  potash  over  that  in  plat  3,  found  soluble  in  strong  hydro- 
chloric acid  in  first  9  inches   

Pounds. 
10,043 

■  948 

813 
577 
156 

1,546 

Pounds. 

1,790 

1,249 

746 
289 
67 

1,102 

Excess  of  potash  over  that  in  plat  3,  found  soluble  in  1  per  cent  citric- 
acid  solution  in- 

Second  9  inches  . .  -   _   

Third  9  inches  „  

27  inches.  _  

It  will  be  seen  that,  in  the  case  of  the  continuously  dunged  plat, 
only  a  very  small  proportion  of  the  estimated  excess  of  potash  is  found 
by  analysis,  either  by  hydrochloric-acid  extraction  or  by  citric-acid 
extraction.  The  pi'oportion  of  potash  in  the  dung  is  put  b}^  Sir  Heniy 
Gilbert  at  0.75  per  cent.  The  difficulty  of  forming  an  accurate  esti- 
mate of  the  average  constituents  of  so  variable  a  substance  as  dung 
has  alread}^  been  discussed  in  relation  to  phosphoric  acid,  and  I  can 
not  help  being  inclined  to  think  that  the  average  richness  of  the  dung 
in  potash  may  have  been  overestimated.  An  average  error  of  0.1  per 
cent  in  the  estimate  would  amount  to  1,570  pounds  per  acre  in  fifty 
years,  and  an  error  of  0.25  per  cent  to  no  less  than  3,920  i)ounds  i)er 
acre. 

But  even  after  making  a  liberal  allowance  for  this,  there  is  clearly 
a  large  proportion  of  potash  not  accounted  for  in  the  citric-acid-soluble 
contents  of  the  soil,  which  must  either  have  remained  in  or  reverted 
into  an  insoluble  condition,  or  have  descended  still  lower  into  the  sub- 
soil. It  seems  probable  that  both  suppositions  are  true,  for  there  is 
certainly,  in  1893,  clear  evidence  of  accumulated  potash  as  far  down  as 
the  third  depth. 

In  the  case  of  plat  2a,  which  has  only  been  dunged  in  recent  years, 
the  anal^^tical  figures  accord  much  better  with  the  estimate,  and  it  is 
obvious  that  whatever  error  there  may  be  in  the  potash  estimate  for 
the  dung  has  only  been  multiplied  ninefold  instead  of  fifty  fold ;  and  it  is 
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therefore  possible  that  the  estimate  adopted  may  be  more  accurate  for 
the  dung  recently  nsed  than  for  that  of  earlier  years.  There  seems  to  be 
evidence  here  again  that  the  potash  of  the  dung  travels  downward  with 
considerable  facility,  for,  although  the  dunging  has  only  been  contin- 
ued for  nine  years,  there  is  a  great  increase  in  the  citric-acid-soluble 
potash  of  the  second  9  inches,  and  a  considerable  increase  in  that  found 
in  the  third  9  inches. 

Potash  in  Drainage  Waters. 

Reference  has  already  been  made  to  the  results  of  analyses  of  the 
drainage  waters  of  Broadbalk  field  made  in  1867,  1868,  and  1869  by  the 
late  Dr.  Augustus  Voelcker. 

Averaging  the  results  of  the  potash  determinations  in  the  various 
samples  analyzed  during  these  years,  we  obtain  the  following  figures: 

Table  66. — From  analyses  of  Broadbalk  field  drainage  icaters  made  by  the  late 
Dr.  Augustus  Voelcker,  F.  R.  S.,  1S66-1SG9. 

[Parts  per  million.] 


Plat. 


Annual  manuring. 


Average 
quantity 
of  potash 
in  drain- 
age water. 


3  and  4  j  Unmanured       1.7 

10  Ammonium  salts  only   1.9 

11  [  Ammonium  salts  and  superphosphate     1 

12  j  Ammonium  salts,  superphosphate,  and  sodium  sulphate     2.7 

14  I  Ammonium  salts,  superphosphate,  and  magnesium  sulphate    1 

13  ■  Ammonium  salts,  superphosphate,  and  potassium  suli'ihate  I  3.3 

Ammonium  salts  and  full  mineral  dressing   1  2. 9 

Full  mineral  dressing  without  nitrogen  _   !  5. 4 

Farmyard  manure  -..     -..!  5.4 


These  results,  although  the  samx3les  were  few,  accord  very  well  with 
what  might  be  expected.  The  potash  in  the  drainage  water  from  plat 
11  (supplied  with  phosphates  and  nitrogen,  but  no  potash)  is  less  than 
in  that  from  the  unmanured  plats,  3  and  1,  or  from  i^lat  10,  which 
received  only  ammonium  salts,  the  utilization  by  the  crojDS  being,  of 
course,  greater  on  plat  11  in  x^resence  of  an  abundant  supply  of  phos- 
phates and  nitrogen. 

Plat  12,  supj)lied  in  its  earlier  history  with  potash,  and,  in  virtue  of 
this  (and  x3robably  also  of  the  solvent  action  of  the  sodium  salts), 
showing,  in  the  1865  soil  samples,  more  citric-acid-soluble  potash  than 
plat  11,  also  yields  more  potasli  in  its  drainage  water,  and  it  also 
yields  more  than  plat  11,  to  which  magnesium  salts  were  applied, 
which  is  again  in  accord  with  the  citric-acid  results. 

Plat  13,  well  sux^x^lied  with  potash,  shows  decidedly  more  potash  in 
its  drainage  water  than  plat  7,  whicli,  while  also  liberally  supplied 
with  potash,  gets  in  addition,  sodium  and  magnesium  salts,  and  gives 
in  consequence  a  greater  crop,  utilizing  somcAvhat  more  potash. 

Plat  5,  getting  a  fuller  suppl}'  of  minerals  than  plat  13,  but  no  nitro- 
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gen,  yields  much  more  potasli  in  its  drainage — as  ninch  as  the  dunged 
plat,  wMch  receives  the  greatest  quantity  of  potash. 

The  average  quantities  are  in  no  case  great,  varying  from  1  part  of 
potash  per  million  parts  of  water  on  plats  11  and  14,  to  5.4  parts  per 
million  on  plats  5  and  2;  but  the  higher  quantities  are  nevertheless 
significant.  Assuming  an  annual  percolation  of  10  inches  of  drainage 
water  into  the  drainpix)es  or  into  the  subsoil  below  27  inches,  the 
quantities  found  would  probably  represent  as  little  as  about  2|  pounds 
of  potash  per  acre  per  annum  in  the  case  of  plats  11  and  14,  and  as 
much  as  12^  pounds  per  acre  from  plat  5  (full  mineral  dressing  with- 
out nitrogen)  and  from  plat  2  (continuoush^  dunged).  The  difference 
between  these  two  extremes  would  amount  to  500  pounds  per  acre  in 
fifty  years,  but  it  seems  probable  that,  as  the  quantity  of  potassium 
salts  has  annually  accumulated  in  the  soil,  the  quantity  of  x>otash  in 
the  drainage  waters  will  have  become  greater  in  later  years  on  the 
potash-manured  plats  and  on  the  continuously  dunged  plats.  Dr. 
Yoelcker's  analyses,  therefore,  may  be  regarded  as  yielding,  even  as 
long  ago  as  1867-1869,  evidence  of  appreciable  descent  of  potash  on 
the  plat  on  which  the  application  of  x)otassium  salts  had  been  excessive, 
and  where  its  utilization  had  been  least,  owing  to  the  absence  of 
nitrogenous  manure,  and  also  on  the  continuously  dunged  plat.  Fur- 
thermore, the  analytical  results  of  the  subsoils  of  these  plats  down  to 
a  dei^th  of  27  inches  show  a  much  larger  quantity  of  citric-acid-soluble 
potash  than  do  those  of  an}'  of  the  other  X3lats,  and  this  seems  to  accord 
with  the  indications  of  the  descent  of  some  potash  in  the  drainage 
water  to  even  a  lower  depth. 

General  Conclusions  as  to  Potash. 

The  general  conclusions  derived  from  the  potash  results,  as  summed 
up  in  the  paper  recently  laid  before  the  Royal  Society,^  are  to  the 
effect  that  strong  hydrochloric  acid,  as  a  solvent  for  potash  in  soil 
analysis,  is  again  shown  to  be  practically  useless  as  a  gauge  of  potash 
fertility,  especially  in  soils  containing  an  abundance  of  total  potash 
in  mineral  combination  as  silicates,  etc.  No  concordant  results  are 
obtainable  except  by  working  under  the  strictest  arbitrar}-  conditions, 
and  the  results,  even  when  concordant,  have  little  meaning  apart 
from  an  independent  knowledge  of  the  histor}'  of  the  soil.  With  this 
knowledge  the}^  are  interesting,  but  in  its  absence  they  are  of  little 
use  except  in  extreme  cases. 

The  results  obtained  by  citric  acid,  however,  are  on  the  whole  both 
instructive  and  consistent.  They  show  that  the  largest  accumulation 
of  manurial  potash,  where  api3lied  in  the  form  of  dung  or  of  potassium 
salts,  is  in  the  surface  soil;  but  that  a  large  proportion  is  also  found 

1  Philosophical  Transactions  of  the  Royal  Society  [England],  1901,  series  B,  vol. 
194,  pp.  335-290. 
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in  the  second,  and  even  in  the  third,  9  inches.  Tlie  accnmnlation  in 
the  subsoil  is  most  evident  in  the  cases  of  the  dunged  plats  and  of  the 
plat  whicli,  in  addition  to  potassium  salts,  has  received  superphos- 
phate and  mixed  sodium  and  magnesium  sulphates,  without  nitrogen. 
Both  sodium  and  magnesium  salts  have  exercised  a  distinct  influence 
in  increasing  the  proportion  of  citric-acid-soluble  potash  in  all  depths 
on  the  plats  to  which  no  potassium  salts  have  been  applied  for  fort}^ 
years.  These  plats  still  maintain  a  higher  yield  of  potash  in  their  crops 
than  does  the  ijlat  manured  witli  superphosphate  and  ammonium 
salts  only,  though  the  equivalent  of  the  potash  originally  added  has 
been  more  than  exhausted  in  one  case  and  nearh'  exhausted  in  the 
other.  Furthermore,  sodium  and  magnesium  salts,  used  in  conjunc- 
tion with  potash  salts,  have  caused  a  much  larger  retention  of  potash 
in  a  citric-acid-soluble  condition  than  when  potassium  sulphate  has 
been  used  without  them,  although  the  potash  taken  up  by  the  crops 
has  been  greater  than  in  the  latter  case. 

It  has  usually  been  considered  that  potash  is  pretty  firmly  retained 
in  the  surface  soil  on  land  containing  a  fair  proportion  of  clay.  That 
this  is  the  case,  as  compared  with  sodium  salts,  has  often  been  shown, 
and,  apart  from  earlier  investigation,  Avas  clearly  brought  out  in  the 
drainage  water  analyses  of  the  late  Dr.  Voelcker,  just  referred  to; 
but,  as  we  have  seen,  even  these  analyses  showed  a  considerable 
loss  of  potash  in  drainage  in  certain  cases,  and  it  is  evident  from  the 
results  of  the  analyses  of  the  soils  and  subsoils  that  though,  relatively 
to  sodium  salts,  potassium  salts  readily  become  fixed  in  clay  soils — 
often,  probably,  passing  into  a  very  stable  insoluble  form — they  are 
nevertheless  far  more  "migratory"  than  phosphoric  acid. 


Section  III. 


THE  BROADBALK  WHEAT  SOILS  (Continued). 

COMPARISON  OF  RESULTS  OF  ANALYSES  OF  THE  VARIOUS  SAM- 
PLES DRAWN,  RESPECTIVELY,  IN  1865,  1881,  AND  1893. 

TOTAL  NITROGEN  AND  ORGANIC  CARBON. 

We  have  complete  sets  of  nitrogen  determinations  in  the  saraples 
of  1881  as  well  as  in  those  of  1893,  and  also  nitrogen  determinations 
in  the  less  complete  set  taken  in  1865. 

It  mil  be  remembered  (see  earlier  discussion,  p.  25)  that,  in  dis- 
cussing the  1893  samples,  we  have  adopted,  as  probably  the  more 
correct,  the  results  of  the  nitrogen  determinations  made  by  the  Kjel- 
dahl  method;  but,  for  comparison  with  the  earlier  results,  we  must 
take  for  the  1893  samples  the  determinations  made  by  the  soda- lime 
method,  as  these  alone  will  be  strictly  comparable  with  the  figures 
similarly  obtained  for  the  1805  and  1881  samples.  The  deficiencies 
should  be  fairly  constant  at  all  three  periods,  and  should  not  mate- 
rially affect  the  differential  results. 

We  also  have  organic  carbon  determinations  in  two  out  of  the  three 
sets  of  samples. 

Tables  67  and  68  set  forth  both  the  nitrogen  and  carbon  results, 
stated  in  terms  of  percentage  and  as  pounds  per  acre  based  upon  the 
adopted  weights  of  soil  already  exx)lained. 

Table  67. — Broadbalk  icheaf  soils— Total  nitrogen  {by  soda-lime  method),  stated 
as  xjercentages  of  fine  dry  soil  and  as  pounds  per  acre^  in  samples  collected 
October,  18G5,  October,  ISSl,  and  October,  1893, 


FIRST  9  INCHES. 


1865. 

1881.            1  1893. 

Per  cent. 

Pounds 
per  acre. 

Per  cent. 

p^e°rrc?l.;P-cent. 

Pounds 
per  acre. 

Plat  2a  

0. 1520 
.2132 
.0940 
.0906 
.0971 
.  1076 
.1146 
.1167 
.1116 
.  1058 
.  1002 
.1029 
.1119 
.1110 
.1088 
.  1204 
.1188 
.1110 
.1117 
.1204 
.1309 

3,815 
4,976 
2,437 
2,349 
2, 517 
2.790 
2,971 
3, 026 
2,893 
2, 743 
2,598 
2,668 
2.901 
2,878 
2,821 
3,123 
3,080 
2, 878 
2,896 
3,122 
3,377 

Plat  2b   

0. 1752 
.1050 

4.343 
2.722 

0.1836 
.1009 
.0919 
.0981 
.1106 
.1207 
.1260 
.  1200 
.1064 
.1034 
.1037 
.1121 
.1155 
.1191 
.1163 
.1178 
.  1066 
.1088 
.1116 
.1230 

4.399 
2,616 
2.383 
2.543 
2. 867 
3.129 
3.267 
3.111 
2,759 
2,681 
2,689 
2.906 
2;  994 
3.088 
3:015 
3,054 
2,764 
2,821 
2,893 
3.186 

Plat  3...   

Plat  4....  

Plat  5-.    

.1073 

2,  782 

Plate.    

Plat:    

.1170 

3,034 

Plat  8     

Plat  9a     

.1178 

3, 054 

Plat  9b  

Plat  10a  

Plat  10b     

.1065 

2,761 

Plat  11      

.  1125 
.1157 
.11.51 
.1154 

•  2. 916 
2.999 
2.  984 
2,991 

Plat  12    

Plat  13   

Plat  14.  

Plat  15   

Plat  16   

.1210 

3,137 

Plat  17  

Plat  18.-...  

Plat  19  

125 


126 
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Table  67. — Broadhalk  ivheat  soils — Continued. 
SECOND  9  INCHES. 


1865. 


Per  cent. 


Pounds 


cent.  P—lPer  cent. 


1881. 


1893. 


Plat  2a  . . 
Plat  3b  .. 
Plats.... 
Plat  4.... 
Plats.... 
Plate.... 
Plat  7.... 
Plats.... 
Plat  9a  - . 
Plat  9b  -. 
Plat  10a  - 
Plat  10b  . 
Plat  11... 
Plat  13... 
Plat  13.,. 
Plat  14.,. 
Plat  15... 
Plat  16... 
Plat  17... 
Plat  18... 
Plat  19... 


0. 0810 
.0738 


.0715 
.'0707' 


.  0757 
."0730 


.0763 
.0758 
.0733 
.0814 

.'0786" 


3,164 
1,971 


1,910 
"i'889' 


3,032 
i;950" 


3,036 
3,035 
1.929 
3,174 

'"s^ioo" 


►.0743 
.0681 
.0644 
.0698 
.0684 
.0693 
.0718 
.0717 
.0689 
.0672 
.0681 
.0736 
.0729 
.0707 
.0695 
.0711 
.0654 
.0721 
.0743 
.0797 


1,982 
1,819 
1,720 
1,865 
1,827 

i,m 

1,918 
1,915 
1,841 
1,795 
1,819 
1,966 
1,947 
1,889 
1,857 
1,899 
1, 747 
1,926 
1,985 
2, 129 


THIRD  9  INCHES. 


Plat  2a 
Plat  3b  .. 
Plat  3.-.. 
Plat  4.... 
Plat  5--.. 
Plate..-. 
Plat  7.... 
Plats.... 
Plat  9a  -. 
Plat  9b  .. 
Plat  10a  . 
PJat  10b  . 
Plat  11... 
Plat  13... 
Plat  13... 
Plat  14... 
Plat  15.. 
Plat  16.. 
Plat  17.- 
Plat  18.. 
Plat  19.. 


0.0619 
.0561 


.0613 
".'5613' 
"."5630' 


.  0637 


.0613 
.0637 
.0584 
.0637 


.0630 


1,738 
1,566 


1,708 

'i;7ii" 
"i;73i" 


1,711 
1,750 
1,630 
1,778 


1,731 


0. 0576 
.  0550 
.0563 
.0573 
.  0557 
.0563 
.0606 
.0603 
.0568 
.0574 
.0630 
.0617 
.0618 
.0566 
.0607 
.0612 
.0604 
,0629 
.0596 
.0639 


1,6 
1,535 
1,573 
1,597 
1,555 
1,573 
1, 6"^ 
1,6 
1,586 
1,603 
1,731 
1,733 
1,725 
1,5 
1,6 
1,7 
1,6 
1,756 
1,664 
1,7 
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Table  68. — Broadbalk  ivheat  soils — Organic  carbon,  stated  as  percentages  of  fine 
dry  soil  and  as  pounds  per  acre,  in  samples  collected  October,  1881,  and  October, 
1893, 


First  9  inches. 

Second  9  inches. 

Third  9  inches. 

1881. 

1893. 

1881. 

1893. 

1881. 

1893. 

Per 

Pounds 

Per 

Pounds 

Per 

irounds 

Per 

irounds 

Per 

Pounds 

Per 

irounds 

cent. 

per 

cent. 

per 

cent. 

per 

cent. 

per 

cent. 

per 

cent. 

per 

acre. 

acre. 

acre. 

acre. 

acre. 

acre. 

Plat  2a 

1.582 

39, 711 

0.645 

17,230 

0. 515 

14, 376 

Plat  3  b  - 

2. 132 

51, 082 

2.230 

52, 046 

0. 674 

18. 005 

.  748 

19, 981 

0. 5i9 

14,488 

.492 

13, 734 

Plat  3 . .  _ 

.977 

25,330 

.888 

23, 022 

.612 

16^348 

.565 

15,093 

.468 

13,064 

.483 

13, 483 

Plat  4 .  - . 

1.010 

26, 185 

.909 

23, 567 

.567 

15, 146 

.600 

16, 028 

.463 

12. 925 

.463 

12,925 

Plat  5 .  -  - 

1  033 

26  782 

931 

24, 137 

.609 

16  268 

.587 

15, 681 

.466 

13  008 

.446 

12  4c  0 

Plat  6  - . . 

1.190 

30, 852 

1.019 

26, 419 

.606 

16. 188 

.583 

15, 574 

.448 

12! 506 

.429 

11,976 

Plat  7  - . . 

1. 267 

32, 849 

1.101 

28, 545 

.599 

16,001 

.530 

14,158 

.450 

12, 562 

.426 

11,893 

Plat  8  - . . 

1. 312 

34. 015 

1.138 

29, 504 

.646 

17, 257 

.608 

16,242 

.470 

13, 120 

.443 

12,366 

Plat  9a.. 

1. 250 

32. 408 

L.162 

30, 126 

.  655 

17, 497 

.651 

17, 390 

.463 

12, 925 

.535 

14,935 

Plat  9l>  . 

1.145 

29, 686 

1. 008 

26, 134 

.608 

16,242 

.640 

17,096 

.453 

12, 645 

.524 

14, 627 

Plat  10a- 

1.095 

28,389 

1.049 

27, 197 

.620 

16, 562 

.668 

17,844 

.476 

13, 288 

.526 

14, 683 

Plat  10b 

1.058 

27, 430 

.969 

25, 122 

.648 

17, 310 

.656 

17,524 

.521 

14, 544 

.524 

14,627 

Plat  11.- 

1.176 

30, 489 

1.107 

28,  700 

.694 

18; 539 

.643 

17, 177 

.503 

14; 041 

.492 

13,734 

Plat  12-- 

1.285 

33. 315 

1. 123 

29. 115 

.672 

17. 951 

.643 

17, 177 

.501 

13, 985 

.526 

14, 683 

Plat  13-- 

1. 257 

32,  .589 

1. 165 

30, 204 

.664 

17.738 

.630 

16, 829 

.481 

13,427 

.477 

13,315 

Plat  14-. 

1. 2.54 

32, 511 

1.137 

29. 478 

.641 

17, 123 

.629 

16, 803 

.493 

13, 762 

.502 

14,013 

Plat  15-. 

1.246 

32. 304 

1.170 

30,334 

.664 

17.  738 

727 

19,421 

.482 

13, 455 

.535 

14,935 

Plat  16-- 

1.080 

28,000 

1.065 

27. 611 

.588 

15,  707 

^682 

18,218 

.484 

13, 511 

.438 

12,227 

Plat  17-- 

1.210 

31,371 

1.  094 

28, 363 

.642 

17, 150 

.650 

17,364 

.479 

13,371 

.492 

13,734 

Plat  18-- 

1.261 

32, 693 

1.146 

29,711 

.638 

17,043 

.630 

16,829 

.442 

12,338 

.478 

13,343 

Plat  19-. 

1.367 

35, 406 

1.257 

32, 430 

.717 

19, 153 

.719 

19,207 

.504 

14, 069 

.587 

16,386 

Attention  for  the  moment  may  be  directed  especially  to  the  surface 
soils,  representing  the  first  9  inches  of  each  plat,  in  each  of  the  three 
years. 

Having  devoted  so  much  time  and  space  to  the  detailed  considera- 
tion of  the  1893  samples,  all  we  need  here  do  is  to  see  how  far  the 
results  of  the  two  previous  samplings  bear  out  the  conclusions  gener- 
ally arrived  at  from  those  of  later  ones.  You  may  be  reminded  that 
the  three  samplings  represent  the  twenty-second,  tliirt}^- eighth,  and 
fiftieth  years  of  these  continuous  experiments.  The  continuously 
dunged  plat,  2b,  shows  a  steady  gain  in  percentage  of  nitrogen,  which 
has  increased  markedly  since  1881,  the  three  i^ercentages  being  0.1752, 
0.1836,  and  0.2132.  Between  1865  and  1881  the  difference,  expressed 
as  pounds  per  acre,  is  less  marked  than  in  percentage,  but  this  is 
because  the  surface  soil  has  become  lightened  and  weighs  less  for  a 
like  depth.  The  organic  carbon,  between  1881  and  1893,  shows  an 
increase  of  964  pounds  per  acre. 

The  rape-cake  plat  (No.  19)  was  not  analyzed  in  1865.  Between 
1881  and  1893,  however,  we  see  that  it  has  accumulated  0.0079  per  cent 
of  nitrogen,  or  191  pounds  per  acre.  The  farmyard  manure  and  the 
rape-cake  i:)lats,  it  will  be  remembered,  are  the  otl\j  plats  that  seem  to 
accumulate  actual  manurial  nitrogenous  matter  as  such. 

Next  we  may  consider  plats  3  and  1,  the  unmanured  plats.  Both 
show  a  stead}^  decline  in  nitrogen  and  carbon  from  period  to  period. 
Closely  behind  them,  both  in  nitrogen  and  carbon  diminution,  comes 
plat  5,  with  mineral  dressings  only.    It  has  lost  rather  less  nitrogen 
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thau  plats  3  and  4,  but  the  loss  has  been  progressive,  tlioiigii  the 
diminution  seems  to  have  been  slower  latterly  than  in  earlier  years. 

Plats  10a  and  10b,  not^Yithstanding  their  400  pounds  per  acre  per 
annum  of  ammonium  salts,  show,  in  the  absence  of  mineral  manures,  a 
gradual  but  steady  loss  of  soil  nitrogen,  and  the  carbon  also  decreases. 

Plats  6,  7,  and  8,  all  supplied  with  full  minerals,  but  progressively 
increasing  dressings  of  ammonium  salts  (200,  400,  and  600  pounds  per 
acre  per  annum  respectively),  all  show  a  decrease  of  nitrogen  since 
1881,  and  the  carbon  also  declines. 

Plats  11,  12,  13,  and  14,  the  series  which  all  receive  the  same  dress- 
ing of  ammonium  salts  (400  pounds  i)er  acre  i)er  annum)  and  super- 
phosphate, but  differ  in  other  saline  applications,  show  on  the  whole 
a  decline  in  both  carbon  and  nitrogen. 

Plat  9a,  manured  Avith  sodium  nitrate  and  full  minerals,  shows  a 
decrease  in  both  carbon  and  nitrogen.  It  is  to  be  noted  that  its  neigh- 
bor, plat  Ob,  which  receives  only  sodium  nitrate,  without  minerals, 
was  in  18S1,  as  well  as  in  1893,  much  poorer  both  in  nitrogen  and  car- 
bon than  plat  9a,  wliicli  receives  phosphates  and  potash,  as  well  as 
sodium  nitrate,  and  which,  in  consequence,  persistently  groAvs  larger 
crops,  necessarily  leaving  larger  root  and  vStubble  residues. 

Plat  16  shows  well  the  evidences  of  its  checkered  history.  Liber- 
ally manured  from  1852  to  1864,  with  full  minerals  and  as  many  as 
800  pounds  of  ammonium  salts  per  annum,  it  was  in  1865  the  richest  of 
all  the  chemically  manured  plats  as  regards  nitrogen  contents,  show- 
ing as  much  as  0.1210  per  cent  of  nitrogen.  Then  it  was  unmanured 
for  nineteen  years,  and  toAvard  the  close  of  these  starvation  years,  in 
1881,  we  find  it  to  have  fallen  in  nitrogen  contents  to  0.1066  per  cent, 
a  decline  of  373  pounds  ijer  acre  in  sixteen  years,  or  23  pounds  per 
annum.  Since  1884,  however,  it  has  had  full  minerals  and  550  pounds 
per  annum  of  sodium  nitrate,  and  after  these  nine  3'ears  of  pi'osperity 
it  shows,  in  1893,  a  regain  of  114  pounds  per  acre  of  its  lost  nitrogen. 

Plats  17  and  18,  nitrogenously  and  minerally  manured  in  alternate 
years,  and  giving  alternately  high  and  low  crops,  are  still  gaining 
nitrogen,  not  having  apparently  reached  the  turning  point  in  accumu- 
lation shown  much  earlier  on  most  of  the  chemically  manured  plats. 

The  following  table  (Table  69)  shows  conveniently,  together  with 
the  surface-soil  nitrogen  contents  of  the  various  plats  already  given, 
the  gain  and  loss  indicated  by  the  samjjles  during  each  i)eriod,  and 
also  the  difference  at  each  date  between  each  plat  and  plat  5,  the  plat 
fully  supplied  Avith  minerals,  but  Avithout  an}^  nitrogenous  dressing, 
and  therefore  the  plat  in  the  best  position  to  utilize  soil  nitrogen,  and 
on  this,  and  also  on  other  grounds,  the  best  standard  of  comjjarison 
for  many  of  the  i^lats. 
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Table  6d.—Broadbalk  wheat  soils  (1865,  ISSl,  and  1893)— First  9  inches  only — 
Nitrogen  per  acre  in  fine  dry  soil,  and  dAffe7^ences  for  each  period;  also  the 
amounts,  +  or      plat  5. 


Plat. 


Annual  manuring. 


Nitrogen  per  acre  in  fine  dry  soil. 


1865. 


1881. 


1881, 
+  or  - 
1865. 


1893, 
+  or  — 
1881. 


,  plat  5. 


1865. 


1881.    i  1893. 


9b 
10a 

10b 

11 

13 

13 

14 

15 

16 


Farmyard  imanure  since 
1884.   ^ 

Farmyard  manure,  50  years 

Unmanured    

Unmanured  since  l'^o2  

Full  minerals  - .  -  

Full  minerals  and  ammo- 
nium salts  

 do   

 do.  

Full  minerals  and  sodium 
nitrate   

Sodium  nitrate  only  '.. 

Ammonium  salts  (no  min- 
erals since  1844)  

Ammonium  salts  (no  min- 
erals since  1850  j  

Phosphates  and  ammo- 
nium salts  -.  

Phosphates,  sodium,  and 
ammonium  salts  

Phosphates,potassium,and 
ammonium  salts  

Phosphates,  magnesium, 
and  ammonium  salts  

Full  minerals  and  ammo- 
nium salts  (autumn  I  

Full  minerals  and  sodium 
nitrate  since  1884  (1865- 
1883  unmanured ;  

Full  minerals  and  ammO' 
nium  salts,  transposed  in 
alternate  years  

Rape  cake  ."1  


Lbs. 


Lbs. 


4,343 

9  799 


2.782 


3,034 
3,054 
2, 761 


4,399 
2, 616 


2.543 
2,867 


3,267 

3,  111 
2,759 


2,681 


2, 916  2 


2,  984 
2. 991 


;.  015 


3.13 


Lbs. 

3,815 
4,976 
2, 437 
2,349 
2. 517 

2.  790 


3, 129    2. 971 


3. 026 


2,743 
2.598 

2.  668 
2.901 
2,994  I  2,878 
3.0S8  2.821 


.122 


3.0.54  i  3,080  I 


■2.>21  2.896  ! 
2.^93  8.122 

3. 186    3, 377 


Lbs. 


+  56 
-106 


-239 
'^'95' 


01 


80 


-fl04 
-f  24 


-373 


Lbs. 


Lbs. 


+577 
-179 

-  34 

-  26 


-158 
-241 

-218 

-  16 

-  83 

-  21 

-  5 
-116 
-267 
-fl07 
+  36 

-fll4 

-f  75 
+229 


+1.561 
-  '  60 


+  252 
+  272 
-  21 


+  134 

+  317 

+  302 

+  209 


+  355 


Lbs. 


+1.856 
+  73 
-  160 


Lbs. 

+1,298 
+2,4.59 


+ 

324 

+ 

273 

+ 

586 

+ 

454 

+ 

734 

+ 

509 

+ 

568 

+ 

376 

+ 

216 

+ 

336 

+ 

138 

+ 

81 

+ 

.146 

151 

+ 

363 

+ 

384 

+ 

451 

4- 

361 

+ 

545 

+ 

304 

+ 

473 

+ 

605 

+ 

511 

+ 

563 

+ 

321 

+ 

361 

+ 

278 

+ 

379 

+ 

350 

605 

+ 

643 

+ 

860 

Generally  we  see  that  on  the  chemical  plats  the  tendency,  even 
under  liberal  treatment,  has  been  toward  decline  rather  than  increase 
of  accumulated  nitrogen  in  later  years,  foRowing  on  an  earlier  period 
of  gain.  In  fact,  we  seem  to  see  in  i3rogress  the  attainment  of  that 
equilibrium  which  Professor  Warington  pointed  out  to  3'ou  in  1891 
as  naturally  tending  to  establish  itself  under  any  manurial  conditions 
in  a  drained  and  aerated  soil.  Up  to  a  certain  point  the  increase  of 
crop  and  weed  residue,  induced  by  liberal  manuring,  produces  accu- 
mulation of  organic  matter;  but  this  increase  furnishes  increased 
pabulum  for  the  myriads  of  soil  microbes,  fostering  their  growth  and 
increasing  their  activity,  so  that  they  destroy  the  excess  of  organic 
matter  that  helped  them  to  multiply.  They  then  become  less  active, 
and  a  balance  is  struck  between  the  annual  supph'  of  organic  food 
f  urnished  to  them  by  crop  and  root  residues  and  their  annual  potencj^ 
to  break  it  down  and  destroy  it.  On  such  an  explanation  each  plat 
should  in  time  arrive  at  its  own  point  of  average  equilibrium  as 
regards  nitrogen  contents. 

On  this  supposition  it  may  be  said  that  on  plat  3  (unmanured  for 
fifty  years)  the  conditions  are  less  favorable  for  bacterial  multiplica- 
9385— No.  106—02  9 
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tion  and  exercise  of  function;  hence  the  slowness  of  soil  nitrification 
which,  aided  by  the  absence  of  mineral  manure,  keeps  the  crops  on 
this  plat  small,  but  at  the  same  time  renders  their  decline  so  remark- 
ably slow  that  even  after  more  than  half  a  century  of  ceaseless  crop- 
ping, the  land  still  yields  from  12  to  13  bushels  of  grain  and  its 
accompanying  straw  per  acre. 

The  results  for  the  subsoils  are  more  difficult  to  consider,  owing  to 
the  natural  irregularities  formerly  alluded  to.  It  may,  however,  be 
said  that,  in  the  second  depth,  from  1865  to  1881  there  appears 
throughout  to  be  a  diminution  of  nitrogen,  wherever  we  have  1865 
samples  for  purposes  of  comparison.  Between  1881  and  1893  the 
general  tendency  appears  to  be  toward  an  increase  in  nitrogen.  In 
the  third  9  inches,  from  1865  to  1881  there  appears  to  be  more  or  less 
decline,  with  a  tendency  toward  increase  between  1881  and  1893. 
But  many  of  the  differences  are  only  such  as  may,  so  far  from  the 
surface,  be  due  to  chance  irregularities. 

nitrogen  as  nitrates — "  nitric  "  nitrogen  (1881  and  1893  resums 

compared). 

The  nitric  nitrogen  was  not  determined  in  1865,  but  it  was  deter- 
mined in  the  1881  samples  by  Prof essor  Warington.  The  following 
table  shows,  side  by  side,  the  nitric  nitrogen  found  in  the  first  three 
depths  of  each  plat  in  both  years,  and  also  a  summary  giving  for  each 
year  the  total  quantity  found  in  the  whole  27  inches. 


Table  70.— Broadbalkicheat  soils,  1881  and  Nitrogen  as  nitrates  {''nitric'' 

nitrogen)  stated  as  parts  per  million  of  fine  dry  soil  and  as  pounds  per  acre, 
in  samples  collected  in  October,  1881,  and  October,  1893, 
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9.43 
4. 51 
3. 72 
3. 07 
4.06 
5.45 
5. 77 
6.71 
6.41 
4.28 
4. 83 
3.64 
4. 50 
5.46 
5.37 
5. 16 
3. 86 
5.24 
4. 70 
4.49 
8.55 

23. 67 
10. 53 
9.64 
7.96 
10. 53 
14. 13 
14. 96 
17.40 
16. 62 
11.10 
12.52 
9.44 
11.67 
14. 16 
13. 92 
13.38 
10. 01 
13.59 
12. 19 
11.64 
22. 06 

8.48 
16. 98 
3.45 
2. 63 
2. 38 
4. 77 
7.19 
10. 92 
7.20 
13.05 
9.52 
10.88 
9.20 
9.54 
9.79 
11.60 
7.00 
15. 94 
10. 37 
15.53 
9.12 

22.65 
45.36 
9.22 
7.03 
6.36 
12.74 
19.21 
29. 17 
19.23 
34.86- 
25.43 
29.06 
24. 58 
25.48 
26.15 
30. 99 
18.70 
42. 58 
27.70 
41.49 
24. 36 

3.68 
4.39 
.98 
.76 
.80 
2.08 
3.06 
3. 12 
2.40 
5.58 
4.03 
5. 01 
5.33 
4.35 
3.38 
4.22 
3. 77 
7.44 
3.06 
2.29 
5.08 

10.27 
12.25 
2. 74 
2.12 
2.23 
5.81 
8.54 
8.71 
6.70 
15.58 
11.25 
13.99 
14.88 
12. 14 
9.44 
11.78 
10.53 
20.77 
8.54 
6.39 
14. 18 

12. 23 
3. 80 
3.62 
4. 94 
6.46 
7.94 
8.27 
7.73 
6.38 
5. 55 
5.26 
7.03 
5. 99 
4.94 
6.30 
5.26 
4. 15 
4. 19 
4. 46 
5.52 

29.30 
9.85 
9.39 
12.  81 
16.75 
20. 59 
21.44 
20. 04 
16. 54 
14. 39 
13.64 
18.23 
15.53 
12. 81 
16.33 
13.64 
10.  76 
10. 86 
11.56 
14.30 

5.  75 
1.94 
1.48 
2.63 
2. 77 
4. 17 
5.15 
3. 69 
7.43 
4.38 
3.32 
3.42 
3. 81 
3.30 
3. 21 
3.95 
1.86 
2.76 
3.10 
4.V9 

15.23 
5. 18 
3. 95 
7.03 
7. 40 

11.14 

13.76 
9.86 

19.85 

11.70 
8.87 
9.14 

10.18 
8.82 
8.57 

10.55 
4. 97 
7.37 
8.28 

12.  80 

2.45 
1.00 

.65 
1.67 
1.71 
2. 07 
2.83 
2.98 
6.44 
2. 65 
2.15 
1.32 
1.58 

.93 
1.31 
1.50 
5. 11 
1.24 
1.90 
2. 58 

6.84 
2.79 
1.81 
4. 66 
4. 77 
5.78 
7.90 
8.32 

17. 98 
7.40 
6.00 
3.68 
4.41 
2.60 
3. 66 
4. 19 

14.26 
3.46 
5.30 
7.20 
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Table  70. — Broadhalk  iclieat  soils,  etc. — Continued. 
SUMMARY— FIRST,  SECOND,  AND  THIRD  DEPTHS  (37  INCHES). 
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Annual  manuring. 


Nitro- 
gen in 
manure 
per  acre 
per  an- 
num. 


1881. 


Farmyard  manure  since  1884.  

Farmyard  manure  50  years   

Unmanured    

Unmanured  since  18.52  

Full  min  erals  .  -  

Full  minerals  and  ammonium  salts  

...do-  

...do   

Full  minerals  and  sodium  nitrate  

Sodium  nitrate  only..  

Ammonium  salts  (no  minerals  since  1844)  

Ammonium  salts  (no  minerals  since  1850)  

Phosphates  and  ammonium  salts    

Phosphates,  sodium,  and  ammonium  salts     , 

Phosphates,  potassium,  and  ammonium  salts   

Phosphates,  magnesium,  and  ammonium  salts  

Full  minerals  and  ammonium  salts  (autumn)    .  .. 

Full  minerals  and  sodium  nitrate  since  1884   

1  Full  minerals  and  ammonium  salts  transposed  in  alternate 
J  years  

Rape  cake  


Pounds. 
200 
200 
0 
0 
0 
43 
86 
129 
43 
43 


Pounds. 


51.37 
17.82 
15.15 
24. 50 
28.92 
37. 51 
43.10 
38.22 
54.37 
3:3.49 
28.  .51 
31.05 
30.12 
24. 23 
28.56 
28.38 
a  29. 99 
21.69 
25. 14 
34.30 


a  No  nitrate  in  1881. 


The  climatic  conditions  in  the  two  j^ears  were  by  no  means  alike, 
except  in  so  far  as  that  in  both  3'ears  they  resulted  in  the  crops  being 
exceptionally  light.  In  1881  there  was  exceedingly  heavy  rain  imme- 
diately after  the  crop  was  cut  in  August,  amounting  to  nearly  6  inches; 
and  this  rain  must  have  for  the  most  part  washed  downward  the 
nitrates  already  existing  in  the  upper  layers  of  the  soil  and  unutil- 
ized by  the  crop.  Indeed  (as  was  pointed  out  in  Professor  Waring- 
ton's  lectures  to  you  in  1891),  the  analyses  of  drainage  waters  collected 
from  the  plats  at  the  time  showed  that  this  was  the  case.  The  field 
was  ploAved  in  September,  and  the  moisture,  warmth,  and  aeration  of 
the  soil  produced  exceedingly  rapid  autumn  nitrification  before  the 
soils  were  sampled  in  October.  The  progress  of  this  nitrification  was 
most  interestingly  shown  in  the  successive  samples  of  drainage  water 
examined  during  the  period.^ 

It  seems  probable,  then,  that  the  greater  part  of  the  nitrates  found 
in  the  first  and  second  depths  in  1S8I  was  due  to  nitrification  occurring 
subsequently  to  harvest. 

In  1893  there  had  been  a  spring  and  summer  drought,  most  unf  avor- 
aljle  for  early  nitrification.  Between  harvest  and  soil  sampling  there 
was,  however,  as  we  have  seen  when  discussing  the  1893  results, 
inches  of  rain,  and  three-fourths  inch  more  during  the  time  of 
sampling,  with  the  result  that  much  of  the  nitrates  existing  unused  at 
harvest  must  have  been  washed  into  the  second  depth.    But  the  wash- 


^ Professor  Warington's  Lectures,  U.  S.  Dept.  Agr.,  Office  of  Experiment  Stations 
Bui.  8,  p.  85. 
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ing  downward  of  the  nitrates  could  not  have  occurred  to  anything 
like  so  great  an  extent  as  in  ISSl.  On  the  other  hand,  the  moisture 
after  harvest,  as  in  ISSl,  must  have  aided  atitumn  nitrification,  though 
not  to  so  great  an  extent. 

The  restilt  of  the  difference  between  the  two  seasons  is  that,  on  tlie 
whole,  we  find  in  Octol3er,  in  1S03.  a  much  larger  quantity  of  nitrates 
than  in  the  same  month  in  ISSl.  For  example,  if  we  take  the  con- 
tinuously dunged  plat.  2h,  we  find  in  the  three  depths  [27  inches) 
about  6S  X30unds  of  nitric  nitrogen  per  acre  in  1S93,  as  against  about 
51  pounds  in  ISSl.  So,  also,  in  the  rape-cake  plat  we  find  over  60 
pounds  per  acre  in  1S93  and  only  about  31  pounds  in  18S1.  On  the 
unmanured  i^lats.  3  and  1,  and  on  plat  5,  which  is  manured  with  min- 
erals only,  we  find  btit  little  difference,  the  production  of  nitrates  on 
these  plats  being,  it  will  be  remembered,  at  a  minimum,  there  being 
no  manurial  nitrogen  to  yield  nitrates,  but  only  the  natural-soil  nitro- 
gen reenforced  by  meager  crop  residues.  It  maybe  noticed,  however, 
that  while  plats  3  and  1,  under  the  conditions  of  the  1893  season, 
showed  in  27  inches  only  about  the  same  quantity  of  nitric  nitrogen  as 
plat  5,  yet  the  last  named  plat  in  ISSl  showed  considerably  more  than 
the  two  unmanured  plats,  indicating,  in  the  more  favorable  nitrifying 
conditions,  the  effects  of  its  greater  stock  of  crop  residues  owing  to 
its  greater  average  fertility. 

Plats  9a  and  9b  receive  sodium  nitrate  yearly — in  the  case  of  9a 
with  full  minerals  in  addition,  but  in  the  case  of  9b  without  them. 
In  ISSl  the  quantity  of  sodium  nitrate  applied  was  550  pounds  per 
acre  per  annum,  but  in  1S93  it  was  only  27o  pounds.  Nevertheless, 
in  ISSl,  after  the  heavy  rain,  the  total  quantity  of  nitric  nitrogen 
found  on  both  plats  down  to  27  inches  was  less  than  in  1893  after  the 
much  lighter  dressing.  In  both  years,  however,  we  find  that  in  the 
second  and  third  depths  the  quantity  of  nitrate  left  is  much  less  on 
plat  9a,  which  receives  mineral  dressings  and  gives  larger  crops,  than 
on  plat  9b,  which,  getting  the  same  quantity  of  sodium  nitrate  but  no 
minerals,  gives  a  smaller  annual  produce. 

Plats  10,  11.  12,  13,  and  11.  all  dressed  alike  in  both  years  with 
ammonium  salts,  with  and  without  various  mineral  additions,  all 
showed  in  the  total  27  inches  much  less  nitric  nitrogen  in  1S81  than  in 
1893,  again  indicating  that  the  washing  down  of  the  nitrates  formed 
from  the  ammonitim  salts  was  in  ISSl  much  more  complete  than  in 
the  season  of  1893. 

A  very  marked  difference  will  be  noticed  in  the  nitrogen  found  at  the 
two  dift'erent  periods  on  x^lat  10.  Plat  16,  in  27  inches,  showed  only 
30  pounds  of  nitric  nitrogen  per  acre  per  annum  in  1881,  as  against 
77  pounds  in  1893;  but  in  1881  this  plat  was,  and  had  been  for  nine- 
teen years,  unmanured,  while  in  1893  it  had  for  ten  years  been  receiv- 
img  a  full  mineral  dressing,  including  550  pounds  per  acre  per  annum 
of  sodium  nitrate.  The  difference  is  mainly  shown  in  the  second  and 
third  depths.  ^ 
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CHLORIN  (1881  AND  1893  RESULTS  COMPARED). 

The  chlorin  was  not  determined  in  1865,  but  was  determined  by 
Professor  Warington  in  the  samples  of  the  first,  second,  and  third 
depths  collected  in  1881,  and  the  results,  which  have  not  been  pre- 
viousl}^  published,  are  shown  in  the  following  table,  side  by  side  with 
those  of  the  1893  samples: 


Table  71.— Broadbalk  ivheat  soils,  1881  and  Chlorin  stated  as  parts 

per  million  of  fine  dry  soil  and  as  pounds  per  acre,  in  samples  collected  in  Octo- 
ber, 1881,  and  October,  1893, 
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9.77 
14. 74 
3.90 
3.28 
6.36 
5. 75 
5.54 
4.91 
0. 72 
2.47 
6.69 
1.44 
3.49 
4.32 
5.25 
3.82 
2.88 
2.57 
2.46 
4.00 
4.52 

24.52 
34.40 
10. 11 
8.50 
16.49 
14.91 
14.36 
12.73 
1.87 
6.40 
17.34 
3.73 
9.05 
11.20 
13. 61 
9.90 
7.47 
6. 66 
6.38 
10.37 
1L66 

9.80 
13.49 
6.33 
6.83 
7.69 
10. 11 
10.05 
13.10 
8.37 
7.20 
11.98 
11.08 
9.88 
10.95 
16.60 
13.04 
11.74 
7.18 
7.75 
13.32 
7.46 

26.18 
36.04 
16.91 
18.25 
20.54 
27. 01 
26.85 
34.99 
22. 36 
19.23 
32.00 
29. 60 
26.39 
29.25 
44.34 
34. 83 
31.36 
19. 18 
20.  70 
35.58 
19.93 

8.01 

22.36 
15.55 
11.31 
14.60 
13. 85 
17.31 
21.63 
25.91 
16.41 
22.00 
24.31 
26.37 
23.20 
24.82 
23. 17 
29. 12 
37.24 
19.88 
21.66 
25.49 
34.75 

5.27 
3.26 
3.49 
3.30 
3.64 
6.00 
4.64 
4. 88 
4.  81 
5.23 
9.56 
7.85 
9.49 
4. 70 
9. 73 
7.83 
7.56 
8.10 
6.51 
3.43 

12.63 
8.45 
9.05 
8.56 
9.44 
15. 56 
12.03 
12.65 
12.47 
13. 56 
24.79 
20.35 
24. 60 
12.19 
25. 23 
20. 30 
19.60 
21.00 
16.88 
8.88 

9.43 
5.29 
5.11 
9.26 
12.36 
18.11 
30. 49 
11.11 
10.  90 
22.43 
21.55 
13.24 
16.22 
12.22 
15.82 
11.27 
5.77 
6.75 
19.75 
5.35 

25.  i9 
14. 13 
13.65 
24.  74 
33.02 
48. 38 
8L45 
29.68 
29.12 
59.92 
57. 57 
35.37 
43.33 
32.  64 
42. 26 
30. 11 
15.41 
18.03 
52.76 
14.29 

7. 17 
6.92 
3.97 
10. 82 
13.27 
15.  72 
33.06 
12.96 
10.48 
20.93 
19.66 
13. 36 
22.59 
18.32 
18.09 
10.39 

20.02 
19.32 
11.08 
30. 20 
37.04 
43.88 
92.29 
36.18 
29.25 
58.43 
54.88 
37.29 
63. 06 
5L14 
50.50 
29.00 

5.57 
4.05 
5.23 
4.96 
6.20 
7.75 
9.28 
5.88 
7.88 
8.71 
9.41 
8.31 
8.89 
8.30 
10.43 
13.34 
7.12 
7.76 
9.13 
12.45 

8.18 
18.39 
5.44 

22. 83 
51.34 
15. 19 

SUMMARY  FIRST,  SECOND,  AND  THIRD  DEPTHS  (27  INCHES). 
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Farmyard  manure  since  1884  

Farmyard  manure  50  years  

Unmanured  

Unmanured  since  1852  , 

Full  minerals     _ 

Fall  minerals  and  ammonium  salts  .-. 

 do    

 do  

Full  minerals  and  sodium  nitrate  ---  -. 

Sodium  nitrate  only    -  

Ammonium  salts  (no  minerals  since  1844)   

Ammonium  salts  (no  minerals  since  1850)   

Phosphates  and  ammonium  salts   

Phosphates,  sodium,  and  ammonium  salts.  

Phosphates,  potassium,  and  ammonium  salts  -  

Phosphates,  magnesium,  and  ammonium  salts   

Full  minerals  and  ammonium  salts  (autumn)  

Pull  minerals  and  sodium  nitrate  since  1884    

I  Full  minerals  and  ammonium  salts  transposed  in  alternate 

I  years     

Rape  cake  


Pounds. 
200 
200 
0 
0 
0 
43 
86 
129 
43 
43 


86 

93  I 


Pounds. 

""57.'84 
41.90 
33.  78 
63.50 
79.50 
107. 82 
185.  77 
78.51 
70.84 
13L91 
137. 24 
93.01 
130. 99 
95.97 
117. 99 
79.41 

t  120.98 
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It  will  be  remembered  that,  of  the  ammonium  salts  used  at  Rotham- 
sted,  one-half  of  each  application  consists  of  ammonium  chlorid;  and 
that,  on  the  plats  so  dressed,  the  quantity  of  chlorin  found,  in  excess 
of  that  on  the  unmanured.  plats,  was  in  1893  very  fairly  proportional 
to  the  quantity  added  in  the  ammonium  salts. 

It  will  also  be  remembered  that,  when  the  1893  chlorin  results  were 
discussed,  the  curious  fact  was  pointed  out  that  when  the  soils  and 
subsoils  were  examined  to  as  far  down  as  ten  successive  depths  of 
9  inches  each  it  was  found  that  each  plat  contained  a  quantity  of 
chlorin  equivalent  to  that  applied  in  one  year's  manurial  dressing, 
plus  the  average  chlorin  of  ten  years'  rainfall — an  average  year's 
rainfall  at  Rothamsted  containing  14.75  pounds  of  chlorin  per  acre. 
Notwithstanding  the  constant  i3ercolation  of  rainfall,  each  9  inches  of 
subsoil  is  still  found  to  contain,  even  when  no  chlorin  is  applied  in 
manure,  about  15  pounds  of  chlorin  per  acre,  according  to  the  results 
obtained  in  the  analyses  of  the  1893  samples. 

In  comparing  the  1881  and  1893  results,  taking  in  the  aggregate 
the  three  depths  down  to  27  inches,  we  find  very  little  difference  on 
the  unmanured  plats,  3  and  4.  Plat  5  in  1 881,  as  in  1893,  was  found  to 
contain  more  chlorin  than  the  unmanured  plats,  although  not  more 
than  a  few  pounds  per  acre  per  annum  are  applied  to  it  as  impurities 
in  the  mineral  fertilizers  used. 

On  plats  6,  7,  and  8  we  find  in  1881,  as  in  1893,  a  successive  increase 
in  chlorin  as  the  quantity  of  ammonium  salts  grows  successively 
larger;  and  the  other  results  are  for  the  most  part  fairly  consistent. 
It  is  noticeable,  however,  tliroughout  the  ammonium-dressed  plats, 
that  notwithstanding  the  very  much  greater  rainfall  in  the  summer 
and  autumn  of  1881,  the  quantity  of  chlorids  in  these  plats  was  found 
in  October  to  be  uniformly  greater  in  1881  than  in  1893.  As  we  have 
already  seen,  it  is  highly  improbable  that  any  tangible  quantity  of 
actual  ammonium  salts  was  left  in  the  soil  in  the  autumn  of  1881,  and 
the  chlorin  added  in  the  form  of  ammonium  salts  must  b}^  that  time 
have  existed  in  mineral  combination  with  calcium,  magnesium,  or  other 
bases  in  the  soil.  The  quantity  of  chlorin  present  in  1881  as  com- 
pared with  that  found  in  1893  was  not  only  greater  when  the  27  inches 
were  considered,  but  was  even  much  greater  in  the  surface  soil  than 
in  the  corresponding  soils  of  1893,  as  well  as  being,  as  a  rule,  much 
higher  in  the  second  and  third  depths.  In  fact,  if  we  deduct  the  yield 
of  the  unmanured  plats,  we  find  that  as  a  rule  the  quantitj'  of  what 
may  be  called  manurial  chlorin  found  in  the  first  27  inches  of  soil  and 
subsoil  in  1881  was  two  or  three  times  as  great  as  in  1893.  It  would 
seem  that  in  1881  chlorids  which  must  have  been  initially  washed 
farther  down  had,  by  a  process  of  upward  diffusion,  readjusted  them- 
selves in  the  soil  water  under  the  influence  of  the  evaporation  pro- 
duced by  early  autumnal  heat. 
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PHOSPHORIC  ACID  (1865,  1881,  AND  1893  RESULTS  COMPARED). 

The  results  of  the  phosphoric  acid  determinations  made  in  the  1893 
samples  have  been  already  discussed  (see  p.  98).  It  now  only  remains 
to  examine,  for  the  purpose  of  comparison,  the  results  obtained  in  the 
analyses  of  the  two  earlier  sets  of  sam]3les.  The  comi3lete  results  are 
shown  in  the  following  table : 

Table  72. — Broadbalk  icheat  soils — Samples  collected  in  1865,  1881,  and  1893 — 
Phosphoric- ACID  determinations. 

FIRST  9  IXCHES  OF  SOIL. 


I  Dissolved  by  strong  hydrochloric  or  nitric    Dissolved  by  1  per  cent  solution  of  citric 
acid.  acid. 


1865. 

1881. 

1893. 

1865. 

1881. 

1893. 

Per 
cent. 

Pounds 
per 
acre. 

Per 
cent. 

Pounds 
per 
acre. 

Per 
cent. 

Pounds 
per 
acre. 

Per 
cent. 

Pounds 
per 
acre. 

Per 

cent. 

Pounds 
per 
acre. 

Per 
cent. 

Pounds 
per 
acre. 

Plat3--- 
Plat4..- 
Plat  10a. 
Plat  10b. 
Plat  7.  .. 
Plat  13.. 
Plat  14.. 
Plat  12.. 
Plat  11.. 
Plats 

0.140 

".'iie' 
"  '.'174" 

.178 
.183 
.177 

3, 630 

"4.' oil' 

4. 6L5 
4.744 
4,589 

0.131 

"'.'i26" 
.130 

"  ".199" 
.189 
.200 
.184 

3,396 

"3.' 267" 
3. 370 

'5"i59 
4,900 
5.185 
4,770 

0. 114 
.120 
.123 
.126 
.195 
.205 
.204 
.201 
.197 
.219 
.165 
.215 

2.  956 
3.111 

3.  Ib9 
3.267 
5.1)56 
5.315 
5.  289 
5.211 
5.107 
5:678 
4.142 
5,018 

J. 

244 

0. 0074 

192 

0. 0078 
.0100 
.0074 
.0074 
.0547 
.0434 
.0442 
.0413 
.0405 
.0642 

202 
259 
192 
192 
1.418 
1,125 
L146 
i;071 
1,050 
1,665 
806 
1,307 

.  ni(  16 

275 

.0068 
.0092 

176 

239 

.  0261 
.  0257 
.0268 
.0259 

677 
666 
695 
672 

.  0383 
.0364 
.0:386 
.0329 

993 
944 
1,001 
853 

Plat  2a 

Plat  2b.- 

.189 

4,685 

.194 

4.648 

.0355 

880 

.0372 

891 

.0560 

SECOND  9  INCHES  OF  SOIL. 

Plats... 
Plat  4 

0. 116 

3,099 

0.093 

2,484 

0. 113 
.106 
.111 
.123 
.086 
.105 
.111 
.098 
.108 
.107 
.095 
.111 

3,019 
2.832 
2,965 
3,286 
2,297 
2.805 
2. 965 
2.618 
2,885 
2,858 
2,538 
2.965 

0.0029 

1 

78  0.0020 

53 

0.0041 
.0024 
.0031 
.0043 
.0038 

110 
64 
83 
115 
102 
72 
61 
94 
75 
139 
139 
251 

Plat  10a. 
Plat  10b. 

.128 

3,419 

.101 
.113 

2,698 
3,019 

.0031 

83 

.0018 
.0028 

48 
75 

Plat  7.  _. 
Plat  13.. 
Plat  14.- 
Plat  12-. 
Plat  11.. 
Plat  5 

.111 
.118 
.112 
.106 

2,965 
3,152 
2,992 
2,832 

.108 
.105 
.112 
.107 

2,885 
2;  805 
2,992 
2,858 

.0022 
.0024 
.0019 
.0022 

59 
64 
51 
59 

.0019 
.0016 
.0020 
.0017 

51 
43 
53 
45 

.0027 
.0023 
.0035 
.0028 
.0052 
.0052 
.0094 

Plat  2a 

Plat  2b.- 

.L26 

3,366 

.111 

2,965 

.0044 

118 

.0031 

83 

THIRD  9  INCHES  OF  SOIL. 

Plat  3... 
Plat  4 

0.092 

2,568 

0.090 

2,512 

0.097 
.097 
.  105 
.111 
.074 
.081 
.113 
.082 
.091 
.112 
.084 
.083 

2,708 
2, 708 
2,931 
3.099 
2,066 
2.261 
3.154 
2.289 
2,540 
3,126 
2,345 
2.317 

0. 0012 

34 

0. 0012 

34 

0.0C21 
.0017 
.0018 
.0021 
.003fJ 
.0016 
.0023 
.0020 
.0017 
.0036 
.0028 

.ooai 

59 
48 
50 
59 
84 
45 
64 
56 
48 
101 
78 
95 

Plat  10a. 
Plat  10b. 

.111 

3,099 

.090 
.104 

2, 512 
2,903 

.0014 

39 

.0013 
.0012 

36 
34 

Plat  7 

Plat  13.- 
Piat  14.. 
Plat  12.. 
Plat  11.. 
Plat  5 

.093 
.121 
.103 
.098 

2.596 
3,378 
2,875 
2,736 

.087 
.104 
.087 
.096 

2,429 
2.903 
2,429 
2,680 

.0012 
.  0017 
.0014 
.0017 

34 
48 
39 
48 

.0010 
.0011 
.0012 
.0012 

2^! 
31 
34 
34 

Plat  2a 

Plat  2b.. 

.103 

2,875 

.082 

2,289 

.0015 

42 

.0017 

48 

Seeing  that  these  results  are  fully  discussed  in  the  recent  paper 
presented  to  the  Royal  Society,  referred  to  on  X3.  Ill,  we  may  here 
confine  ourselves  to  a  brief  examination  of  the  principal  facts  brought 
out  by  the  comparative  figures. 
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As  far  as  the  total  phosphoric  acid  is  concerned,  it  is  sufficient  to 
compare  the  first  9  inches  of  soil,  the  irregularities  in  the  second  and 
third  depths  being  such  as  in  many  cases  to  overwhelm  altogether 
such  differences  as  would  be  due  to  the  effects  of  manuring  and  crop- 
ping. In  the  case  of  the  citric-acid  results,  the  second  and  third 
depths  in  some  instances  afford  an  interesting  subject  for  comparison. 

Beginning  with  plat  3,  which,  it  will  be  remembered,  is  continuously 
unmanured,  we  see  from  period  to  period,  as  indicated  by  the  analy- 
ses of  the  1865,  1881,  and  1893  samples,  a  steady  decrease  in  the  total 
phosphoric  acid.  The  same  thing  is  seen  in  plat  10a,  which  receives 
only  ammonium  salts  without  minerals. 

Plats  11,  12,  13,  and  11  all  show  the  progressive  increase  in  total 
phosphoric  acid  due  to  the  accumulation  of  residues  of  unused  phos- 
phatic  manure,  and  the  dunged  plat,  2b,  also  shows  a  steady  increase 
in  total  i)hosphoric  acid  from  period  to  period. 

When  we  regard  the  citric-acid-soluble  phosphoric  acid,  we  must 
bear  in  mind  that  the  samples  of  1865  and  1881  were  not  examined 
immediately  after  collection,  but  onh'in  1893,  when  they  were,  respec- 
tively,  twenty-eight  and  twelve  3'ears  old ;  and  it  is  not  certain  whether 
the  citric-acid-soluble  phosphoric  acid  may  not  have  undergone  some 
modification  during  that  time  notwithstanding  the  fact  that  the  sam- 
ples were  stored  in  an  approximately  dry  state.  Nevertheless  they 
afford  features  of  considerable  interest  and  on  the  whole  agree  excel- 
lently with  the  history  of  the  various  plats  represented. 

In  the  case  of  the  unmanured  plat  the  citric-acid-soluble  phosphoric 
acid  decreased  appreciably  between  1865  and  1881,  but  does  not  appear 
to  have  decreased  since.  The  same  thing  is  to  be  noticed  in  the  case 
of  plat  10a,  Avhich  receives  only  ammonium  salts.  In  fact,  in  both 
these  instances  there  appears,  if  anything,  to  be  a  slight  increase 
between  1881  and  1893,  and  it  would  appear  as  though  the  quantity  of 
citric-acid-soluble  phosphoric  acid  in  the  surface  soils  of  these  plats 
had  become  reduced  to  a  sort  of  natural  level,  at  which  the  decompo- 
sition of  crop  residue  and  other  influences  producing  readily  available 
phosphoric  acid  from  the  natural  resources  of  the  soil  approximately 
balance  the  annual  quantity  removed  in  crops. 

In  the  case  of  plats  10a  and  10b,  the  effect  of  the  early  mineral 
dressings  on  plat  10b  seems  to  be  clearh^  apparent  in  the  1881  samples. 

The  gradual  accumulation  of  manurial  phosphoric  acid  during  the 
three  x^eriods  on  x^lats  11-11  is  very  strikingly  seen  in  the  citric-acid 
figures  for  these  various  plats,  and  this  is  also  the  case  with  the  dunged 
plat,  2b. 

When  we  come  to  the  upper  subsoil  or  second  9  inches  we  find  in 
the  unmanured  jjlat  (3)  and  the  ammonium-salts  plat  (10a)  a  diminu- 
tion in  citric-acid-soluble  phosphoric  acid  between  1865  and  1881,  and 
then  what  appears  to  be  a  distinct  reenf orcement  between  1881  and 
1893,  suggCvSting  that  possibly  as  the  surface  soil  has  grown  more 
exhausted  the  roots  of  the  Avheat  liave  taken  to  deeper  growth  to  seek 
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mineral  food,  and  have  thus  left  more  root  residue  in  the  subsoil  in 
the  later  years,  the  decay  of  which  would  show  an  increased  quantity 
of  phosphoric  acid  in  an  easily  soluble  form. 

The  same  thing  is  to  be  noticed  in  the  third  9  inches. 

In  connection  with  the  1893  results,  the  solvent  action  of  alkaline 
salts  on  the  phosphates  of  the  subsoil  was  pointed  out.  This  was  most 
strikingly  brought  out  on  plats  5  and  7.  Unfortunately,  we  have  no 
analyses  representing  these  plats  in  the  earlier  years,  but  we  have  the 
series  of  plats,  11,  12,  13,  and  14,  all  receiving  ammonium  salts  and 
phosphates,  plat  11  without  any  alkaline  salts,  and  j)lats  12,  13,  and 
14  with  sodium,  potassium,  and  magnesium  salts,  respectively.  In 
most  cases  we  find  that  in  the  second  and  third  depths  there  is  not 
very  much  difference  between  the  samples  of  1865  and  those  of  1881, 
but  there  appears  to  be  distinct  evidence  of  accumulation  in  both  the 
second  and  third  depths  between  1881  and  1893,  owing  to  descent  of 
mineral  phosphates. 

To  show  how  the  results  for  the  three  periods  compare  quantita- 
tively with  the  estimated  additions  and  removals  to  and  from  the  soil, 
I  may  here  give  a  table  taken  from  the  Royal  Society  paper  on  the 
subject,  showing  how  the  excess  or  deficiency  both  of  total  and  of 
citric-acid -soluble  phosphoric  acid,  as  against  the  unmanured  plat 
(plat  3),  compares  with  the  expected  excess  per  acre  on  each  plat 
calculated  from  the  known  additions  and  removals  of  phosphoric  acid 
to  and  from  the  soil.  These  data  are  given  for  the  three  periods  of 
twenty-two  years,  thirty-eight  years,  and  fifty  years,  respectively. 

Table  73. — Broadbalk  wheat  soils — Samples  collected  in  1865,  ISSl,  and  1893. 
[Plats  7,  13,  U,  12, 11,  and  5.] 


Estimated 
excess  of 
phosphoric 
acid  over 
plat  3,  calcu- 
lated from 
known  addi- 
tions and 
removals. 


Excess  of  j 
total  phos- 
phoric acid 
over  plat  3,  j 
found  by  ] 
analysis  in  j 
first  9  inches 
of  soil. 


Excess  (  +  )  or  deficiency  (  — )  of  phosphoric 
acid  soluble  in  1  per  cent  citric-acid  solu- 
tion, as  compared  with  plat  3. 


First  9 
inches. 


Second  £ 
inches. 


Third  9 
inches. 


Whole  27 
inches. 


After  22  years  (1844- 
186.')): 

Plat  13  

Plat  14..  

Plat  12  

Plat  11...  - 

After  38  years  a844- 
1881): 

Plat  13  

Plat  14-  - 

Plat  12.  

Plat  11.  

After  50  years  (1844- 
1893) : 

Plat  7  

Plat  13.   

Plat  14   

Plat  12  

Plat  11  

Plat  5  


Lbs.  per 
acre. 
1,161 
1,198 
1,161 
1,175 


1,985 
2,045 
2,019 
2,081 


2,452 
2,587 
2,667 
2,651 
2, 759 
3.049 


Lbs.  per 
acre. 

881 
985 
1,114 
959 


1,763. 
1,504 
1, 789 
1,374 


2,100 
2,359 
2,333 
2, 255 
2, 151 
2, 722 


Lbs.  per 
aci'e. 
+  433 
+  423 
+  451 
+  428 


+  801 

+  752 

+  809 

+  661 


-f  1,216 
4-  923 
4-  944 
+  869 
+  848 
-+-1,462 


Lbs.  per 
acre. 
-19 
-13 
-27 
-19 


-  3 
-11 

0 

-  8 


-37 
-48 
-16 
-35 
-1-29 


Lbs.  iDcr 
acre. 

0 

+14 
-f  6 
+14 


-  6 

-  3 
0 
0 


+25 
-14 
+  6 
-  3 
-11 
+42 


Lbs.  per 
acre. 
+  414 
+  424 
+  430 
+  423 


+  792 

+  738 

+  809 

+  653 


+1,233 
+  872 
+  902 
+  850 
+  802 
+1,533 


The  descent  in  the  continuously  dunged  plat,  2b,  is  strongly  brought 
out  in  both  the  second  and  third  dei)ths  when  either  the  1865  or  the 
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1881  results  are  compared  with  those  of  1893,  though  in  the  second 
depth  the  difference  between  the  figures  for  1865  and  1881  is  not  in 
the  direction  that  would  be  expected. 

POTASH  (1865,  1881,  AND  1893  RESULTS  COMPARED). 

We  may  now  in  the  same  way  briefly  examine  the  potash  results 
for  the  samples  of  the  three  periods.  These  are  recorded  in  the  fol- 
lowing table : 

Table  74. — Soils  from  Broadbalk  icheat  field,  Rotliamsted— Samples  collected  in 
1865,  1881,  and  1893— FOTASB.  detenni nations. 

FIRST  9  INCHES  OF  SOIL. 


Dissolved  by  strong  hydrochloric  acid. 


Dissolved  by  1  per  cent  solution  of  citric 
acid. 


1865. 

1881. 

1893. 

1865. 

1881. 

1893. 

Per 
cent. 

Pounds 
per 
acre. 

Per 
cent. 

Pounds 
per 
acre. 

Per 
cent. 

Pounds 
per 
acre. 

Per 
cent. 

Pounds 
per 
acre. 

Per 
cent. 

Pounds 
per 
acre. 

Per 
cent. 

Pounds 
per 
acre. 

Plat  3 
Plat  4 

0. 191 

4,952 

0.226 

5,859 

0.220 
.219 
.240 
.234 
.197 
.223 
.240 
.273 
.262 
.279 
.385 
.277 

5, 704 
5,678 
6,222 
6,067 
5,107 
5, 782 
6,222 
7,078 
6.793 
7,233 
6,652 
6,953 

0.0040 

104 

0.0032 

83 

0.0032 
.0052 
.0032 
.0040 
.0032 
.0040 
.0024 
.0188 
.0232 
.0308 
.0384 
.0330 

83 
135 

83 
104 

83 
104 

62 
487 
602 
799 
896 
828 

Plat  10a- 
Plat  10b. 
Plat  11-. 
Plat  12.. 
Plat  U-. 
Plat  13-. 
Plat  7 

.226 

".'228 
.232 

.269 

5,859 

"5."9ii" 
6,015 
6,326 
6,974 

.224 
.244 
.243 
.234 
.251 
.290 

5,807 
6,326 
6,300 
6,067 
6,507 
7,519 

.0040 

104 

.0020 
.0032 
.0020 
.0060 
.0044 
.0228 

52 
83 
52 
156 
114 
591 

.0036 
.0060 
.00:36 
.0200 

93 
156 

93 
519 

Plat  5 

Plat  3b.. 
Plat  2a 

.273 

6,767 

.259 

6,206 

.0300 

744 

.0284 

681 

SECOND  9  INCHES  OF  SOIL. 

Plat  3... 
Plat  4 

0.336 

8,976 

0.407 

10,872 

0.335 
.414 
.394 
.359 
.357 
.371 
.404 
.379 
.361 
.410 
.318 
.398 

8,949 
11.059 
10. 525 
9,590 
9.537 
9,911 
10,792 
10,124 
9,643 
10,952 
8,495 
10,632 

0.0028 

75 

0.0044 

118 

0.0060 
.0060 
.0032 
.  0052 
.0028 
.0040 
.0048 
.0136 
.0140 
.0224 
.0276 
.0168 

160 
160 

86 
139 

75 
107 
128 
363 
374 
598 
737 
449 

Plat  10a- 
Plat 10b. 
Plat  11.. 
Plat  12.. 
Plat  14.. 
Plat  13.. 
Plat  7 

.360 

9,617 

.336 
.374 
.409 
.390 
.403 
.446 

8,976 
9,991 
10, 926 
10,418 
10,765 
11, 914 

.0048 

128 

.0024 
.0028 
.0024 
.0028 
.0040 
.0128 

64 
75 
64 
75 
107 
342 

.472 
.384 
.491 
.382 

12.609 
10,258 
13, 116 
10,204 

.0052 
.0040 
.0052 
.0120 

139 
107 
139 
321 

Plat  5 

Plat  2b.- 
Plat  2a 

.334 

8,922 

.366 

9,777 

.0140 

374 

.0176 

470 

THIRD  9  INCHES  OF  SOIL. 

Plat  3... 
Plat  4 

0. 459 

12, 813 

0.466 

13,008 

0.495 
.507 
.533 
.507 
.459 
.488 
.408 
.433 
.459 
.472 
.415 
.499 

13,818 
U;  153 
14, 879 
14, 153 
12,813 
13,623 
11,389 
12,087 
12, 813 
13, 176 
11, 585 
13,930 

0.0032 

89 

0.0040 

112 

0.0072 
.0044 
.0048 
.0036 
.0036 
.0036 
.0052 
.0084 
.0064 
.0092 
.0128 
.0096 

201 
123 
134 
101 
101 
101 
145 

m 

179 

257 
357 
268 

Plat  10a. 
Plat  10b. 

.511 

14, 265 

.475 
.469 
.452 
.505 
.546 
.493 

13.260 
13,092 
12,618 
14,097 
1.5,242 
13, 762 

.0044 

123 

.0028 
.0028 
.0028 
.0028 
.0056 
.0032 

78 
78 
78 
78 
156 
89 

Plat  11.. 
Plat  12-- 
Plat  14-. 
Plat  13-. 
Plat  7 

.489 
.456 
.540 
.458 

13,a50 
12, 729 
15,074 
12, 785 

.0036 
.0048 
.0040 
.0044 

101 
134 
112 
123 

Plat  5 

Plat  2b.. 
Plat  2a 

.410 

11,445 

.532 

14, 851 

.0040 

112 

.0052 

145 

With  regard  to  the  liydrochloric-acid-solnble  potash  little  need  be 
added  to  what  has  already  been  said  in  discussing  the  1893  results.  M 
Such  a  method  of  analysis  does  not  serve  to  give  consistent  compara- 
tive results.    I  therefore  now  direct  attention  simply  to  the  citric-acid 
figures. 


THE  BROADBALK  WHEA.T  SOILS. 


139 


In  tlie  ease  of  the  nnmanured  plat  it  would  appear  that  in  1865, 
after  over  twent}"  years  of  nnmanured  cropping,  the  available  potash 
had  already  been  reduced  to  a  low  ebb,  and  that  in  the  surface  soil  it 
has  since  fallen  still  lower,  though  in  the  second  and  third  depths 
it  would  seem  to  have  increased. 

This*  decrease  to  a  practically  stationary  point  in  the  surface  soil, 
accompanied  by  an  increase  in  the  lower  depths,  was  also  noticed  in 
the  case  of  the  i3hosphoric  acid,  but  the  increase,  especially  in  the 
third  depth,  is  more  marked  in  the  case  of  the  potash.  It  has  already 
been  suggested  that  this  may  to  some  extent  be  attributable  to  the 
deeper  extension  of  root  growth  as  the  surface  soil  has  become  poorer 
and  to  the  accumulation  of  root  remains  thus  formed. 

In  the  case  of  plats  10a  and  10b,  receiving  ammonium  salts  only, 
we  find  that  the  ver}^  early  dressings  of  minerals  (which  included  300 
pounds  of  potash  per  acre),  applied  in  1848  and  1850  to  plat  10b, 
seemed  to  show  in  1881,  as  in  1893,  an  appreciable  effect  on  the  citric- 
acid-soluble  potash,  both  in  the  first  and  second  depths.  Plat  10a 
seems  to  haVe  reached  in  1893  the  same  level  of  available  potash  as 
the  nnmanured  plat  after  a  diminution  between  1865  and  1881.  As  a 
matter  of  fact,  in  1865  plat  10a  was  showing  little  indication  of  potash 
exhaustion,  for  in  1866  its  croj)  yielded  29  pounds  of  potash  per  acre, 
while  that  of  plat  3  contained  but  16  pounds  of  potash  per  acre.  It 
is  possible  that  the  ammonium  salts  acted  as  solvents  on  the  soil  pot- 
ash. B}^  1881,  however,  plat  10a  seems  to  have  become  appreciably 
poorer  in  X30tash  than  plat  3  in  all  three  depths.  But  by  1893  there  is 
a  recovery  throughout  in  plat  10a,  xDOSsibly  owing  to  the  greatly  dimin- 
ished output  of  crop  on  account  of  the  failure  of  phosphatic  food  and 
to  the  continued  solvent  action  of  the  ammonium  salts,  and  possibly 
(for  the  increase  is  mainly  in  the  subsoil)  partly  owing  to  the  effects 
of  deeper  root  development. 

On  jjlats  11,  12,  and  14,  which  receive  ammonium  salts  and  x)hos- 
phates  without  potash,  there  is  in  the  surface  soils  a  uniform  diminu- 
tion between  1865  and  1893,  and  in  two  of  the  three  cases  between 
1881  and  1893.  If  we  compare  the  1865  and  1893  figures  for  the  sec- 
ond depths  of  the  same  plats  we  also  see,  on  the  whole,  a  diminution. 

When  the  results  for  the  iDotash-manured  x)lat  (13)  are  examined 
the  effect  of  the  potash  salts  is  strikingl}^  seen  in  all  three  sets  of 
samples  not  only  in  the  first  depth  of  the  soil  but  also  in  the  second 
9  inches.  In  the  third  9  inches  the  difference  is  clearly  apparent  only 
in  the  1893  samples. 

The  comparative  significance  of  the  results  obtained  in  the  samples 
drawn  at  the  end  of  each  of  the  three  periods  may  be  studied  in 
the  following  table,  which  I  also  quote  from  the  paper  presented  to  the 
Royal  Societ}'. 

As  in  the  corresponding  phosphoric-acid  table,  the  estimated  excess 
or  deficiency  of  potash  on  each  plat  is  obtained  by  taking  into  account 
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the  known  additions  of  ma nu rial  potash  to  the  soil  and  the  quantity 
of  potash,  as  ascertained  by  analysis,  in  the  crops  removed  from  each 
plat. 

Table  75. — Broadbalk  wheat  soils — Samples  collected  in  1865^  1881,  and  1893. 


[Plats  11, 12,  13,  14,  7,  and  5.   Potash  per  acre  dissolved  by  1  per  cent  citric-acid  solution.] 
AFTER  TWENTY-TWO  YEARS  (1844^1865). 


Plat. 

Treatment  since  1851. 

Found. 

More  (+)  or  less  (  — ) 
than  plat  11. 

Estimated 
excess  (  +  ) 

or  defi- 
ciency (  — ) 
compared 
with  plat 
11. 

First  9 
inches. 

Second  9 
inches. 

Third  9 
inches. 

27  inches. 

First  9 
inches. 

Second  9 
inches. 

Third  9 
inches. 

27  inches. 

Lhs. 

Lhs. 

Lhs. 

Lbs. 

Lbs. 

Lbs. 

Lbs. 

Lbs. 

Pounds. 

11 

Nitrogen  and  phosphates  . . 

93 

139 

101 

333 

12 

Nitrogen  and  phosphates 

and  sodium  salts  (some 

potash  in  earlier  years) 

156 

107 

134 

397 

+  63 

-  32 

+  33 

+  64 

+  309 

U 

Nitrogen  and  phosphates 

and    magnesium  salts 

(some  potash  in  earlier 

years)   ..- 

93 

139 

112 

344 

0 

0 

+  11 

+  10 

+  219 

13 

Nitrogen  and  phosphates 

and  potassium  salts  

519 

321 

123 

963 

+426 

+182 

+  22 

^  630 

+2,021 

AFTER  THIRTY-EIGHT  YEARS  (1844-1881). 


11 

12 

Nitrogen  and  phosphates 
Nitrogen  and  phosphates 
and  sodium  salts  (some 

52 

64j 

1 

78 

194 

potash  in  earlier  years) 

156 

78 

309 

+104 

+  11 

0 

+  115 

+  159 

14 

Nitrogen  and  phosphates 
and    magnesium  salts 
(some  potash  in  earlier 

75  1 

years)   

114 

107 

156 

377 

+  62 

+  43 

+  78 

+  183 

+  54 

13 

Nitrogen  and  phosphates 

and  potassium  salts  

591 

;m2  : 

89 

1,022 

+539 

+278 

+  11 

+  828 

+3,222 

AFTER  FIFTY  YEARS  (1844-1893). 


11 

Nitrogen  and  phosphates  . . 
Nitrogen  and  phosphates 
and  sodium  salts  (some 

83 

75 

101 

259 

1 

12 

potash  in  earlier  years)  . 

104 

107 

101 

312 

+  21 

+  32 

0 

+  53 

+  20 

14 

Nitrogen  and  phosphates 
and    magnesium  salts 
(some  potash  in  earlier 

years)  -  

62 

128 

145 

335 

-  21 

+  53 

+  44 

+  76 

-  93 

13 

Nitrogen  and  phosphates 

and  potassium  salts  

487 

363 

235 

1,087 

+404 

+288 

+134 

+  826 

+4, 052 

Nitrogen  phosphates,  po- 

tassium,    sodium,  and 

magnesium  salts..  

602 

374 

179 

1, 155 

+519 

+299 

+  78 

+  896 

+3, 663 

5 

Potassium,    sodium,  and 
magnesium  salts,  but  no 

799 

598 

257 

1,654 

+716 

+52:3 

+156 

+1,395 

+5,342 

In  the  case  of  the  continuously  dunged  plat  2b,  the  accumulation 
of  i)otash  from  period  to  period  is  not  at  all  indicated  by  the  hydro- 
chloric-acid results,  but  is  qualitatively  brought  out  very  clearly  in  a 
comparison  either  of  the  1865  and  1893  citric-acid  results  or  of  those 
of  1881  and  1893,  particularly  if  the  second  and  third  depths  be  taken 
into  account,  though  the  increase  between  1865  and  1881  is  not  what 
would  have  been  expected.  Nevertheless  the  gradual  accumulation 
of  potash  in  the  two  successive  depths  of  subsoil  by  downward  perco- 
lation is  clearly  seen  in  the  analyses  of  the  samples  representing  these 
two  depths  in  the  various  years. 


Section  IV. 


THE  HOOS  FIELD  BARLEY  SOILS. 
BRIEF  HISTORY. 

The  Hoos  field  experiments  on  the  continuous  growth  of  barley 
were  very  fully  discussed  in  Sir  Henry  Gilbert's  lectures  in  relation 
both  to  the  yield  of  crops  under  the  various  manurial  conditions 
observed  and  to  the  composition  of  the  crops. 

Fewer  and  less  complete  examinations  have  been  made  of  the  soils 
of  the  barley  field  than  of  those  of  the  wheat  field,  but  it  is  desirable 
that  the  results  should  be  chronicled  and  briefl}^  discussed,  if  only 
for  comparison  with  those  of  the  wheat  soils. 

The  scheme  of  manuring  and  the  crop  results  up  to  the  time  of  the 
last  analyses  of  the  soils  for  nitrogen  contents  (1882)  may  first  be 
recalled  to  you  by  the  following  table,  condensed  from  the  Rotham- 
sted  Memoranda : 

Table  76. — Hoos  field  continuous  barley  plats. 


Series. 


O,  No  nitrogen  . 


A,  200  pounds  am- 
monium salts,  con- 
taining 43  pounds 
nitrogen. 


AA,  275  pounds  so- 
dium nitrate,  con- 
taining 43  pounds 
nitrogen. 


AAS,  275  pounds  so- 
dium nitrate  and 
400  pounds  sodium 
silicate. 


C,  1,000  pounds  rape 
cake. 


Plat. 


Treatment. 


No  phosphates  or  potash,  etc  

3^  hundredweight  superphosphate  

200  pounds  potassium  sulphate,  100  pounds  so- 
dium sulphate,  100  pounds  magnesium  sul- 
phate (no  phosphates). 
3i  hundredweight  superphosphate,  together 
with  potassium,  sodium,  and  magnesium  salts, 
as  on  plat  3, 

No  phosphates  or  potash,  etc  

Superphosphate  as  on  plat  3...  

Potassium,  sodium,  and  magnesium  salts,  as  on 
plat  3 , 

Superphosphate  and  potassium,   sodium,  and 
magnesium  salts,  as  on  plat  4, 

No  phosphates  or  potash,  etc  

Superphosphate  

Potassium,  sodium,  and  magnesium  salts  

Superphosphate  and   potassium,  sodium,  and 
magnesium  salts. 

1  No  phosphates  or  potash,  etc  

2  Superphosphate    

3  Potassium,  sodium,  and  magnesium  salts  

4  j  Superphosphate  and  potassium,  sodium,  and  mag- 

nesium salts. 

1  !  No  phosphates  or  potash,  etc.,  except  contained 

in  the  rape  cake. 

2  Superphosphate   

3  Potassium,  sodium,  and  magnesium  salts  

4  Superphosphate  and  potassium,  sodium,  and 

magnesium  salts. 

1  Farmyard  manure  for  twenty  years,  but  un- 

manured  since  1871. 

2  Farmyard  manure  continuously  


Average  annual 
produce  per 
acre  (thirty 

years,  1852-1881.) 


Grain.  Straw. 


Bushels. 

m 

23 
19f 


24i 


30| 
44i 

44i 


47i 


43i 

45 

52f 


43i 


Cwt. 

m 

lOi 


12i 


34i  , 
34^ 


m 

25i 
19 


28 
21f 
39^ 


20f 

451  !  26^ 
401  I  221 


29i 


25 
271 


281 


141 


142 
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SamiDles  were  drawn  for  analysis  in  March,  1868,  and  in  March,  1882, 
to  three  successive  depths  of  9  inches,  or  27  inches  in  all. 

TOTAL  NITROGEN. 

The  following  table  (Table  77)  shows  the  total  nitrogen  found  in 
all  the  samx^les  that  were  examined  in  1868,  and  in  all  of  the  soils  and 
most  of  the  subsoils  sampled  in  1882.  The  results  are  shown  both  as 
percentages  and  as  pounds  per  acre,  and  it  should  here  be  stated  that 
the  weights  of  soil  per  acre  taken  for  all  computations  of  acreage 
weights  in  the  Hoos  field  barley  plats  were  as  follows : 

Table  77. — Hoos  field  continuous  barley  plats — Adopted  iceights  of  fine  dry  soil 

per  acre. 


First  9 
inches. 


Second  9 
inches. 


Third  9 
inches. 


Used  for  series  O,  A,  AA,  and  AAS 

Used  for  series  C  

Used  for  plat  7  (1)  

Used  for  plat  7  (3)  


Pounds. 
2,5:i7, 879 
2,361.461 
2, 186, 870 
2,081,567 


Pounds. 
•2,593,853 


Pounds. 
2,661,iai 


^^'otice  should  be  taken  of  the  fact  that  the  nitrogen  results  are  all 
those  of  determinations  by  the  soda-lime  method  and  not  by  the 
modern  Kjeldahl  method.  (See  discussion  of  the  results  of  the  two 
processes  in  connection  with  the  wheat-soil  results). 

Table  78. — Hoos  field  continuous  barley  plats — Total  nitrogen  (by  soda-lime 
method),  stated  as  percentages  of  fine  dry  soil  and  as  pounds  per  acre,  in  sam- 
ples collected  Mcu^ch,  1S6S.  and  February- March,  1882, 


First  9  inches. 


Second  9  inches. 


Third  9  inches. 


AA. 


AAS  . 


Collected 
March,  1868. 

Collected 
February- 
March,  1882. 

Collected 
March.  18aS. 

Collected 
February- 
March,  1882. 

Collected 
March.  1868. 

Collected 
February- 
March,  1882. 

p  Pounds 

cent  P^^' 
acre. 

Per 
cent. 

Pounds 
per 
acre. 

p  Pounds 

cent  :  P^^' 
j  acre. 

Per 
cent. 

Pounds 
per 
acre. 

Per 
cent. 

Pounds 
per 
acre. 

Per 

(1. 11930 
0897 

2.35l" 
2. 268 
2. 452 
2.841 

0. 0652 
.  0538 

1,691 
1,395 

0.0490 
.0409 

1,304 
1,088 

0970 

0. 1202 

3, 039 

.1124 

0. 0752 

1,951 

.0837 

2,171 

0. 0708 

1,884 

.0730 

1,943 

.  r  iftfK ) 

2. 275 
2.  578 
2.629 
2.771 

.0660 
.0649 

1,712 
1,683 

Tosss" 

.0647 

"1,4^2 
1,723 

.  11)40 
.  1096 

.1124 

2,841 

.0802 

2,080 

.0772 

2,002 

.0763 

2,030 

.0620 

1,650 

.  1080 
.  1078 
.1112 
.  1057 

2.730 
2,  725 
2.811 
2.672 

.  0759 

1,969 

.0639 

1,700 

.1214 

3,069 

.0760 

1,971 

.0683 

1,772 

.0628 

1,671 

.0536 

1,426 

.1042 
.  1135 
.  11.33 
.  1023 

2, 634 
2.869 
2,864 
2, 586 

.0793 
.0636 

2,057 
i;650 

■.  0646 

1.719 

.0685 

1,777 



.1234 
.1207 
1330 

2,914 
2,850 
3,141 
3, 084 

iiii 

1,642 
1.774 
1, 590 
1.901 

.0537 
.0632 
.0543 

'  1,429 

1 .  rxS2 

1.445 



.1366 

3,226 

.1306 

.  0739 

1,917 

.0523 

1,392 

.0631 

1.679 

.1798 
.2131 

4. 471 
4,442 

.0811 
.0836 

2.104 
2,168 

.  0605 
.0523 

^x,6lO 
1.392 
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The  plats  composing  the  series  01  to  04  have  been  continuously 
deprived  of  nitrogenous  manure.  Plat  01  has  received  no  mineral 
manure  either,  and  is  comparable  with  plat  3  in  the  wheat  field. 
Plats  02  and  03  have  received,  respectively,  phosphates  without 
alkalies  and  alkalies  (potassium,  sodium,  and  magnesium  salts)  with- 
out phosphates.  They  have  no  exact  counterpart  in  the  case  of  the 
wheat  soils.  Plat  04  receives  both  phosphates  and  alkalies,  and 
corresponds  with  plat  5  of  the  wheat  field — manured  with  ''full  min- 
erals "  without  nitrogen. 

The  completely  unmanured  plat  shows  0.0930  per  cent  of  nitrogen, 
as  against  0.1009  per  cent  on  the  unmanured  wheat  plat  (No.  3)  at 
about  the  same  date  (1881),  and  is  therefore  rather  poorer.  Plat  04 
shows  much  more  than  the  similar  wheat  plat  (No,  o),  namely,  0.1124 
per  cent,  as  against  0.0981. 

This  latter  result  is  at  first  sight  very  puzzling.  We  should  have 
expected  the  soil  of  plat  04  to  be  poorer  than  that  of  either  of  the 
plats  1,  2,  or  3  of  its  own  section,  as  was  the  case  with  the  correspond- 
ing plats  on  the  wheat  field ;  or  even  if  the  accumulation  of  roots  and 
stubble  from  its  larger  crops  had  caused  any  slight  rescue  of  nitrogen, 
the  difference  from  such  a  cause  would  hardly  be  very  appreciable 
under  the  circumstances.  But  we  see  that  it  is  actually  richer  than  its 
neighbors  by  nearly  400  pounds  of  nitrogen  per  acre.  We  also  may 
notice  that,  in  the  second  depth,  this  plat  also  seems  to  be  the  richest 
of  all  the  plats  of  all  the  sections,  except  the  continuously  dunged 
plat;  and  in  the  third  depth  it  is  richer  even  than  the  dunged  plat.  It 
may  be  seen  that  this  curious  plat  (04)  was  also  very  rich  in  nitrogen 
in  1868;  and  in  1882 — anticipating  other  results  to  be  subsequently 
discussed — it  may  be  also  observed  that  it  accorded  with  the  general 
rule,  viz,  that  the  more  the  total  nitrogen  (in  a  drained  soil)  the  greater 
the  quantity  of  nitrates,  for  we  find,  even  in  February  or  March,  after 
the  winter  rains,  that  this  plat  is  distinctly  richer  in  nitric  nitrogen 
than  either  1,  2,  or  3  of  the  same  series.  Sir  Henry  Gilbert  has  fur- 
nished me  with  a  key  to  the  mystery  of  this  apparently  anomalous 
and  unexi3ected  richness  in  nitrogen,  and  I  think  yon  will  agree  with 
me  that  the  explanation  is  one  of  remarkable  interest. 

You  are  well  aware  how  profoundly  continuous  manurial  treatment 
in  one  direction  or  another  alters  the  botanical  composition  of  the 
herbage  on  grass  land.  This  is  exemplified  in  a  most  striking  degree 
in  the  Rothamsted  grass  plats.  There  we  find  that  an  abundant 
supply  of  phosphates  and  potash  salts  tends  to  increase  the  non- 
gramineous,  and  more  especially  leguminous,  vegetation — notably 
clover  and  trefoils — while  on  this  soil  nitrogenous  manuring  without 
minerals  tends  to  their  extermination,  because  the  true  grasses  can 
live  longer  and  better  under  such  conditions  than  the  clovers,  etc. , 
and  so  crowd  them  out;  and  the  more  the  mixture  of  manures  tends 
toward  the  extreme  of  purely  mineral  fertilizers  in  the  one  direc- 
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tioii  or  of  purely  nitrogenous  fertilizers  in  the  other,  the  more  is  the 
herbage  modified  in  one  direction  or  another,  the  proportion  of  true 
gramineous  growth  falling  or  rising.  The  character  of  both  gramin- 
eous and  nongramineous  herbage — that  is  to  say,  the  prevalence  or 
scarcity,  or  even  disappearance,  of  various  species  of  either  the  gra- 
mineous or  the  miscellaneous  nongramineous  herbage — is  further 
influenced  and  modified,  according  to  the  nature  of  the  nitrogenous 
manure  used  or  the  constituents  of  the  "mineral"  fertilizers  apart 
from  and  in  presence  of  each  other.  The  use  of  full  dressings  of 
phosphates  and  alkaline  salts — including  especially  potassium  salts — 
without  nitrogen  is,  on  the  grass  land,  found  to  be  particularly  fa  v^or- 
able  to  the  increase  and  domination  of  the  Leguminosse,  presumably 
because  these  are,  in  virtue  of  the  symbiotic  functions  of  the  micro- 
organisms in  their  root  nodules,  able  to  gather  and  accumulate  free 
nitrogen. 

It  is  not  singular  that  what  applies  to  the  pasture  of  a  grass  park 
should  also  apply  to  the  natural  wild  vegetation  to  which,  speaking 
as  farmers  or  gardeners,  we  apply  the  generic  name  of  ''weeds." 
Now  even  the  careful  w^eeding  that  is  carried  out  on  the  Rothamsted 
experimental  cereal  plats  has  no  magic  power  to  prevent  the  growth 
of  weeds  during  the  actual  growth  of  a  grain  crop  after  it  is  tall  enough 
to  prohibit  the  use  of  the  hoe;  and  Hoos  field,  like  other  grain  fields, 
grows  its  inevitable  share  of  weeds.  It  happens  that  the  selective 
action  of  manures  on  weeds  is  especially  marked  on  plat  4  of  section 
O.  The  most  prevalent  weeds  on  the  other  sections  are  Atriplex 
angustifolia  (narrow-leaved  orache)  and  Convolvulus  arvensis  (small 
bindweed).  On  section  O,  and  very  especially  on  plat  4  of  this  sec- 
tion, however,  the  prevalent  weed  is  Medicago  hqndiua  (yellow  tre- 
foil or  ''black  medick"),  a  leguminous  plant  which,  in  presence  of  the 
fuir dressing  of  superphosphate  with  potassium,  sodium,  and  magne- 
sium salts,  is  in  some  seasons  very  luxuriant.  Thus  in  1889  it  was 
noticed  that  half  of  the  weight  of  the  "  offal"  from  the  barley  crop  on 
this  plat  consisted  of  the  mere  seed  of  this  plant.  During  the  past 
season — 1900 — the  soil  of  plat  04  was  literally  covered  with  this  weed, 
while  on  plats  4A,  4AA,  and  4AAS,  with  the  same  mineral  manure, 
but  with  liberal  nitrogen  supply  also,  there  were  only  a  few  individual 
plants  of  this  or  any  other  member  of  the  same  natural  order,  the 
weeds  being  mainly  the  two  species  of  nonleguminous  vegetation 
just  referred  to. 

It  was  also  noticed  that  in  this  season,  which  was  particularly  favor- 
able to  the  growth  of  the  Medicago  lupidina,  plat  01,  quite  unma- 
nured,  had  only  about  one-tenth  of  the  quantity  of  this  plant  found 
on  plat  04,  while  plat  02,  manured  with  superphosphate  only,  had 
about  one-eighth,  and  plat  03  (potassium,  sodium,  and  magnesium 
salts  without  phosphates),  about  one-fifth  as  much.    This  weed,  then, 
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occurs  to  some  extent  on  all  the  plats  receiving  no  nitrogenous 
manure,  but  especiall}^  on  plat  04,  manured  witli  full  minerals. 

Knowing  wliat  we  do  of  the  habits  of  the  Leguminosse,  we  can  not 
doubt  that  the  growth  of  this  weed  j^ear  after  3^ear  must  add  nitrogen 
to  the  soil,  and  Sir  Henry  Gilbert  is  of  opinion — and  in  the  light  of 
recent  knowledge  it  would  be  difficult  to  dissent  from  his  view — that 
the  high  nitrogen  of  the  soil  of  plat  04  is  to  be  accounted  for  by  the 
nitrogen  storage  produced  b}^  the  constant  growth  and  plowing  in 
of  this  leguminous  weed.  Tlie  other  plats  on  section  O — especially 
plat  3 — would  also  be  to  some  extent  enriched  in  the  same  way,  but 
not  to  anything  approaching  the  same  extent  as  plat  4.  Plat  04  had, 
up  to  1881,  produced  on  an  average  bushels  of  grain  and  three- 
fourths  hundredweight  of  straw  more  than  plat  02,  and  4f  bushels 
of  grain  and  If  hundredweight  of  straw  more  than  plat  03;  but  it 
produced  as  much  as  6f  bushels  of  grain  and  2^  hundredweight  of 
straw  per  acre  per  annum  more  than  plat  01. 

We  do  not  find  the  same  conspicuous  difference  in  produce  between 
plats  3  and  5  on  the  wheat  field  as  between  ]3lats  01  and  04,  the  cor- 
responding plats  of  the  barle}^  field.  In  the  former  case,  for  the  same 
thirt}^  years,  the  fully  minerally  manured  wheat  plat  without  nitro- 
gen only  beat  the  Avholly  unmanured  plat  by  an  average  of  2^»bushels 
ot  grain  and  If  hundredweight  of  straw,  while  on  these  barley  plats, 
as  we  have  just  seen,  the  gain  was  6f  bushels  of  grain  and  2^  hun- 
dredweiglit  of  straw. 

Plat  04  contained  in  1881,  in  the  first  9  inches,  490  pounds,  573 
pounds,  and  389  pounds,  respectively,  more  nitrogen  per  acre  than 
plats  1,  2,  and  3  ot  its  own  section,  in  addition  to  a  large  quantity  in 
the  subsoil.  The  conservation  of  nitrogen  in  increased  crop  residue 
would,  it  need  scarcely  be  said,  account  for  no  such  excess  as  we  find 
in  plat  04,  which  we  must  attribute  to  the  leguminous  influence 
aforesaid. 

In  the  A  section,  in  which  ammonium  salts  are  used  throughout, 
the  crop  on  plat  1  (ammonium  salts  alone)  has  been  greater  than  on 
any  of  the  O  plats,  and  its  proportion  of  nitrogen  is  even  lower.  The 
nitrogen  is  considerably  higher,  however,  on  i^lats  2,  3,  and  4,  which 
receive  minerals  also,  being  highest  on  the  most  fully  manured  and 
most  abundantly  yielding  plat,  ISTo.  4.  in  the  surface  soil  of  which  we 
find  0.1096  per  cent  of  nitrogen. 

The  next  two  sections,  AA  and  AAS,  receive  annuallj^  the  same 
quantity  of  nitrogen  as  section  A,  but  differ  from  it  inasmuch  as  the 
nitrogen  is  supj)lied  in  the  form  of  sodium  nitrate  instead  of  in  the 
foim  of  ammonium  salts.  Section  AAS  is  also  supplied  with  sodium 
silicate.  Both  of  these  nitrate  sections  have  given  on  the  average 
considerably  larger  crops  tlian  the  ammonium-salts  section.  Even  on 
plat  1,  receiving  no  phosphates  or  potassium  salts,  etc.,  there  has  been 
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a  much  more  abundant  yield,  possibly  owing  to  some  extent  to  the 
solvent  action  of  the  sodium  salt  on  the  mineral  constituents  of  the 
soil.  In  three  out  of  the  four  plats  of  the  nitrate  sections  we  find 
more  total  nitrogen  in  the  surface  soil  than  in  the  corresponding  plats 
of  the  ammonium-salts  section.  In  the  case  of  plat  4  of  both  A  A  and 
AAS  (fully  manured)  the  nitrogen  is  rather  less  than  on  plat  A4:,  the 
soil  having  probably  reached  the  stage  in  which  nitrification  had 
become  more  active  than  in  the  case  of  i^lat  A4. 

Plat  AA4  seems  to  have  been  richer  than  the  corresponding 
ammonium-salts  plat  in  1868,  but  its  nitrogen  has  since  diminished, 
as  in  the  case  of  the  other  section. 

The  rape-cake  plats  (section  C)  are,  as  we  should  expect,  all  rich 
in  nitrogen.  Plats  3  and  4,  which  have  given  the  best  crops,  are  the 
richest.  Much  of  the  accumulation  of  nitrogen  in  this  section  must 
be  attributed  to  actual  accumulation  of  added  nitrogenous  matter 
and  not  to  mere  crop  residue.  Plat  4  gave  lower  results  in  1882  than 
in  1868,  a  possible  inference  from  whicn  is  that  nitrification  had 
become  more  active  as  the  soil  became  richer. 

The  farmyard-manure  plats  show  a  much  larger  accumulation  of 
total  nitrogen,  the  quantity,  as  we  should  exx3ect,  being  considerably 
greater  .in  the  case  of  the  continuously  dunged  plat  than  in  the  case 
of  the  plat  on  which  the  application  of  dung  was  stopped  eleven 
years  before,  though  this  latter  plat  is  still  far  richer  in  nitrogen  than 
even  the  rape-cake  i)lats.  On  the  dunged  plats  the  richness  in 
nitrogen  seems  to  appear  also  in  the  second  depth;  but  the  subsoils, 
like  those  of  the  Broadbalk  field,  are  irregular. 

A  table  is  here  added  showing  the  difference  in  nitrogen  between 
the  surface  soils  of  the  plats  of  the  sections  A,  AA,  AAS,  and  C,  all 
nitrogenously  manured,  and  those  of  the  corresponding  plats  of  sec- 
tion O,  without  nitrogenous  manure.  Plats  1,  2,  3,  and  4  in  every 
section  receive,  it  will  be  remembered,  the  same  minerals.  The  dif- 
ference between  plats  1,  or  2,  or  3,  or  4  of  section  O,  and  the  corre- 
spondingly treated  plat  of  any  other  section,  is,  therefore,  to  be 
referred  solely  to  the  direct  or  indirect  treatment  of  the  latter  with 
nitrogenous  fertilizers. 
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Table  79.  —Hoos  field  barley  soi/s,  samples  collected  February-March,  1882 — 
Nitrogen  in  first  9  inches  of  soil,  stated  as  percentages  of  fine  dry  soil  and  as 
pounds  per  acre;  also  differences  between  plats  of  section  O,  and  those  of  other 
sections. 


,  Section. 

Plat. 

Nitrogen. 

Nitrogen  per  acre. 

Per  cent. 

+  or  — 
section 
O. 

Actual. 

+  or  — 
section 
O. 

O  (no  nitrogen)-.   

l! 

0.0930 
.0897 
.0970 
.1124 

Pounds. 
2,351 
2,268 
2, 452 
2,841 

Pounds. 

A  (ammonium  salts )   

AA  (sodium  nitrate )   

AAS  (sodium  nitrate  and  sodium  silicate)  

w 

.(J900 
.1020 
.1040 
.1096 

-0.0030 
+  .0123 
+  .0070 
-  .0028 

2,275 
2. 578 
2  . 629 
2,  771 

—  76 
+310 
+  177 

-  70 

I  \ 

.  1080 
1078 
;ill2 
.1057 

+  .01.50 
+  . 0181 
+  .0142 
-  .0067 

2, 730 

2.811 
2.672 

+379 
+457 
+a59 
-169 

li 

.1042 
.  1135 
.1133 
.1023 

+  .0112 
+  .0238 
+  .0163 
-  .0101 

2,634 
2. 869 
2.864 
2.586 

+283 
+601 
+412 
-255 

l! 

.1234 
.1207 
.1330 
.1306 

+  .0304 
+  .0310 
+  .0360 
+  .0182 

2,914 
2. 850 
3.141 
3,084 

+563 
+582 
+689 
+243 

It  will  be  seen  that  in  every  section  plat  4  (with  full  minerals  and 
nitrogen)  seems  to  contradict  all  the  teaching  of  the  other  plats  by 
its  lowness  in  comparison  with  plat  04,  also  receiving  full  minerals, 
but  without  nitrogen.  This  apparent  anomaly  is  due  to  the  legumi- 
nous weed  vegetation  on  the  last-named  plat,  already  fully  discussed. 
Excluding  plats  4,  we  find,  as  in  the  case  of  the  wheat  soils,  that  the 
accumulations  of  croj)  residue  under  manuring  and  higher  cropping 
have  produced  or  maintained  in  the  surface  soil  of  the  various  sec- 
tions a  greater  quantity  of  nitrogen  than  we  find  on  section  O,  without 
nitrogenous  manures,  except  in  one  c^ise,  viz,  that  of  the  continuous 
application  of  ammonium  salts  without  minerals.  This  has  left  the 
soil  slightly  poorer  in  nitrogen,  if  anything,  than  has  the  absolute 
unmanuring  on  j)lat  01,  showing  once  more  that  even  if  largely 
unutilized  through  lack  of  phosphates  and  other  mineral  constituents, 
ammonium  salts  do  not  accumulate,  even  in  clay  soil,  in  such  a 
degree  as  to  appreciably  affect  the  permanent  proportion  of  total 
fixed  nitrogen. 

On  the  corresponding  sodium  nitrate  plats,  on  the  other  hand,  we 
find  an  accumulation  or  increase  of  nitrogen;  but  this  again  is  not 
accumulation  of  manure  but  of  crop  residue,  due  to  the  persistently 
larger  yield  of  both  grain  and  straw  under  the  influence  of  the  nitrate 
when  minerals  are  not  applied. 
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CARBON,  AND  RATIO  OF  CARBON  TO  NITROGEN. 

The  carbon  was  not  determined  in  the  earlier  samples,  but  only  in 
those  collected  in  1882.  The  following  table  shows  the  percentages  of 
carbon  side  by  side  with  the  percentages  of  total  nitrogen,  and  the 
ratios  of  carbon  to  1  nitrogen,  and  of  nitrogen  to  100  carbon : 

Table  80. — Hoos  fieldharley  soils,  samples  collected  February-March^  icJcS'.?— Nitro- 
gen and  CARBok  in  first,  second^  and  third  depths  of  9  inches  each,  stated  as  per- 
centages of  fine,  dry  soil;  also  ratios  of  carbon  to  1  nitrogen,  and  nitrogen  to  100 
carbon. 


First  9  inches. 


Second  9  inches. 


Nitro- 
gen. 


Car- 
bon. 


Carbon;  Nitro 


Car- 


to  1 
nitro- 
gen. 


ien'to  Nitro-  Car- 
100  car-    gen.     bon.  | 


Nitro- 
gen to 
100 
car- 
bon. 


Third  9  inches. 


Nitro- 1  Car- 
gen.   I  bon. 


Car-  Nitro- 
bon  to  gen  to 


1  ni- 
tro- 
gen. 


100 
car- 
bon. 


Per 
cent. 
0.0930 
.0897 
.0970 
.1124 


Per 
cent. 
1.021 
.957 
1. 007 
1.151 


11.0 
10.7 
10.4 
10.3 


9.11 
9.37 
9.63 
9.74 


Per  Per 
i  cent.  cent. 

0.0652   

I    .0538  :  0.488 


.  0837 


11.02 


Per 
cent. 
0. 0490 

.0409 


Per 
cent. 


0.  414 


10.1 


.0730 


.0900 
.1020 
.1040 
.1096 


1.026 
1.060 
1.007 
1.082 


.1080 
.1078 
.1112 
.1057 


1.110 
1.171 
1. 117 
1.119 


.1042 
.1135 
.1133 
.1023 


1.071 
1.198 
1.174 
1.098 


11.4 

10.4 


9.62 
10.33 
10.13 


.0660 
.  0649 


.0772 


10.3 
10.9 
10.0 
10.6 


10.3 
10.6 
10.4 
10.7 


.1234 
.1207 
.1330 
.1306 


1.327 
1. 313 
1. 375 
1.355 


10.8 
10.9 
10.3 
10.4 


9.73  1 
9.21 
9.96  ! 
9.45  i 


.0759 
.'0683 


9.73 
9.47 
9.65 
9.32 


.0793  I 
.0636 


9.30 
9.19 
9.67 
9.64 


.0685  I 


.0633 
.0684 
.  0613 
.0733 


.1798 
.2131 


2.032 
2. 486 


11.3 
11.7 


.0811 


9.0 


9.4 


11.69 


.  0553 
.0647 


.0620 


11.11 


.0639 
."0536 


.0646 


10.65 


.0537 
.0632 
.  054:3 
.0631 


12. 71 
11.49 


.0605 
.0523 


.519 


12.47 


.521 


12.26 


.507 


8.0 


12.47 


.542 
.506 


11.16 
10.34 


The  first  point  that  we  naturally  look  to  in  the  carbon  results  is  to 
see  how  far  the  ciuantity  of  carbon  on  plat  4  of  section  O  (the  plat 
which  grows  the  large  quantity  of  the  yellow  trefoil  as  a  weed)  accords 
with  the  high  proportion  of  nitrogen  contained  in  that  plat.  We  see 
at  once  that  there  is  a  close  correspondence. 

The  other  plats  do  not  differ  much  in  carbon  from  those  of  section 
A  (ammonium  salts),  but  the  plats  of  the  two  sodium  nitrate  sections 
give  uniformly  a  higher  percentage  of  carbon  than  the  ammonium 
salts  plats,  showing  generally  pretty  clearly  the  influence  of  greater 
crop  residue  accumulation  following  greater  crops. 

On  the  rape-cake  plats  the  actual  accumulation  of  added  organic 
matter  is  distinctly  indicated  b}^  a  decidedly  larger  carbon  accumula- 
tion; and,  as  we  should  expect,  we  notice  the  same  thing,  but  to  a 
much  larger  extent,  in  the  case  of  the  two  farmyard-manure  plats, 
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the  one  on  which  dung  was  discontinued  in  1871  showing  (also  as  we 
should  expect)  a  smaller  accumulation  of  organic  carbon  than  the  plat 
dunged  continuously. 

On  the  whole,  the  proportions  of  nitrogen  in  the  various  plats  of  the 
barley  field  that  have  been  persistently  manured  with  chemical  fer- 
tilizers resemble  ver}^  closely  the  iDroportions  found  in  the  wheat  plats 
more  or  less  similarly  manured,  and  the  proportions  of  carbon  are,  on 
the  Avhole,  also  ver}^  similar. 

On  the  rape-cake  plats  of  the  barley  field  the  i3roportion  of  total 
nitrogen  varies  from  about  0.12  to  about  0.13.  On  the  rape-cake 
wheat  plat  the  quantity  at  about  the  same  time  (1881)  was  0.123  per 
cent,  or  about  the  same. 

The  quantity  of  carbon  in  the  rape-cake  barley  plats  is  from  about 
1.31  to  about  1.37  per  cent.  On  the  wheat  i:)lat,  at  about  the  same 
period,  it  was  about  1.37  per  cent. 

On  the  continuousl}^  dunged  barley  plat  the  proportion  of  total 
nitrogen  is  0.2131  ]3er  cent.  On  the  wheat  x^lat  the  proportion  of 
total  nitrogen  at  about  the  same  period  was  0.1836  per  cent,  or  rather 
less. 

The  carbon  in  the  case  of  the  continuousl}^  dunged  barley  plat  is 
2.48G  per  cent.    On  the  wheat  x)lat  it  was  2.132  j)er  cent. 

The  general  ratio  of  carbon  to  nitrogen  does  not  differ  very  much 
from  that  found  in  the  wheat  plats.  Excluding  the  dunged  plats,  the 
ratio  of  carbon  to  nitrogen  on  the  barley  plats  averages  10.5  of  carbon 
to  1  of  nitrogen.  On  the  wheat  plats,  at  about  the  same  period,  it 
averaged  10.6  to  1. 

The  continuousl}"  dunged  plat  on  the  barlej^  field  shows,  in  1882,  a 
ratio  of  11.7  of  carbon  to  1  of  nitrogen,  while  the  continuousl}^  dunged 
plat  on  the  wheat  field,  in  1881,  showed  a  ratio  of  11.7  of  carbon  to  1 
of  nitrogen. 

In  the  second  9  inches  of  the  barley  soils  the  ratio  of  carbon  to  1  of 
nitrogen  varies  from  8.7  to  9.1.  In  the  second  depth  of  the  wheat 
soils,  at  about  the  same  period,  it  averaged  9.1. 

In  the  third  9  inches  the  ratio  of  carbon  to  1  of  nitrogen  varies,  in 
the  barle}^  soils,  from  8  to  10.1.    On  the  wheat  soils  it  averaged  8.7. 

On  the  whole,  then,  there  is  ver}^  little  difference  between  either  the 
proportions  of  carbon  or  the  proportions  of  nitrogen  in  the  various 
depths  of  the  two  fields,  as  far  as  we  are  able  to  compare  them. 

It  should  be  mentioned  that  all  these  comparisons  are  based  ux3on 
the  percentages  of  nitrogen  as  determined  in  both  sets  of  samples  by 
the  soda-lime  method  and  not  by  the  Kjeldahl  process. 

NITROGEN  AS  NITRATES  (-'NITRIC"  NITROGEN). 

The  nitrogen  existing  as  nitrates  was  determined  hj  Professor  War- 
ington  in  all  of  the  1882  samples  except  those  of  the  sodium-silicate 
section,  AAS.    In  regarding  these  results  it  must  be  borne  in  mind 
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that  the  samples  were  collected  in  Febmaiy  and  March,  neai-ly  a  year 
having  elapsed,  therefore,  since  the  application  of  the  annual  dress- 
ings of  manure  on  each  plat.  Most  of  the  nitric  nitrogen  present  in 
the  surface  soil,  therefore,  would  be  mainly  nitric  nitrogen  of  the  3^ear 
before,  which  had  not  been  washed  out  by  the  winter  drainage,  or 
which,  by  upward  diffusion  under  the  influence  of  evaporation,  had 
regained  the  surface,  though  there  would,  perhaps,  be  some  small 
quant it}^  formed  by  early  spring  nitrification.  The  winter  had  been 
more  than  ordinarily  wet. 

The  nitric  nitrogen  for  all  the  plats  sampled  in  1882  is  given  in  the 
following  table. 

Professor  Warington  also  determined  the  chlorin  in  the  plats  of 
two  sections,  and  the  results  are  given  in  the  same  table. 

Table  81. — Hoos  field  barley  soils,  samples  collected  February-March,  1882 — Nitro- 
gen as  NITRATES  iiitric''  nitrogen),  and  chlorin  stated  as  parts  per  million  of 
fine  dinj  soil  and  as  pounds  per  acre  in  first,  second,  and  third  depths  of  9  inches 
each. 

NITRIC  NITROGEN. 


Series. 

Plat. 

Parts  per  million  of  fine 
dry  soil. 

Pounds  per  acre. 

f 'irst  9 
inches. 

Second  9 
inches. 

Third  9 
inches. 

First  9 
inches. 

Second  9 
inches. 

Third  9 
inches. 

Total(27 
inches). 

2.34 

1.81 

1.90 

5.92 

4.69 

5. 06 

15. 67 

O  

2.53 

2.18 

2.36 

6. 37 

5.65 

6.28 

18.30 

H 

2.41 

2. 19 

2.43 

6.09 

5.68 

6.47 

18.24 

2.95 

3. 75 

2.36 

7.46 

9.73 

6. 28 

23.47 

2.42 

3.20 

2.61 

6.12 

8.30 

6.95 

21.37 

2.93 

4.43 

3.07 

7.41 

11.49 

8.17 

27. 07 

A  -   ... 

H 

2. 97 

2.38 

2.11 

7.51 

6.17 

5.61 

19.29 

3.20 

2.22 

3.34 

8.09 

5.76 

8.89 

22. 74 

f  1 

3.84 

2.63 

3. 38 

9.71 

6.82 

8.99 

25  52 

AA  

J  2 

3.09 

4.02 

3.10 

7.81 

10.43 

8.25 

26.49 

1  2 

3.07 

2.39 

3.04 

7.76 

6. 20 

8.09 

22.05 

I  4 

3.72 

2.19 

2.34 

9.40 

5.68 

6.23 

21.31 

4.50 

5.28 

2.98 

10. 63 

13.  70 

7.93 

32. 26 

3. 16 

5.03 

2.94 

7.46 

13. 05 

7.82 

28.33 

C  

l! 

4.48 

•  4.31 

3.56 

10. 58 

11.18 

9.47 

31.23 

3.48 

4.44 

3.27 

8.22 

11.52 

8.70 

38.44 

7  

{  I 

5.96 
8.92 

4.54 
5.63 

4.09 
4. 10 

14.82 
18.59 

11.78 
14.58 

10. 88 
10. 91 

37.48 
44.08 

CHLORIN. 


3.31 

6.98 

6. 77 

8.37 

18.11 

18.03 

44.50 

3.30 

7.17 

13.  73 

8.34 

18.60 

33. 88 

60.82 

O  

l! 

3.27 

7.40 

7.00 

8.37 

19.19 

18.63 

46.09 

2.81 

10. 65 

14. 37 

7.10 

37.62 

38.24 

72.96 

3.14 

7.64 

9.56 

7.94 

19.83 

25. 44 

513.20 

3.86 

15. 38 

13.59 

9.76 

39.63 

36. 16 

85. 55 

A  

l! 

5.39 

6.56 

6.88 

13.37 

17.03 

18.31 

48.70 

3.68 

6.89 

13.71 

^.30 

17.87 

33.82 

60.99 

It  will  be  seen  that  on  the  O  section,  to  which  no  nitrogen  is  applied, 
the  largest  quantity  of  nitric  nitrogen,  in  the  first  and  second  depths, 
is  found  in  the  plat  that  contains  the  largest  quantity  of  total  nitrogen, 
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namely,  plat  04,  which  is  so  fertile  iu  the  growth  of  the  leguminous 
weed  to  which  attention  has  been  directed. 

If  we  take  the  three  depths  (27  inches  in  all),  we  find  that  this  plat 
shows  over  23  pounds  of  nitric  nitrogen  per  acre. 

The  poorest  plat  in  nitric  nitrogen  is  the  plat  which  produces  the 
smallest  crojjs  (01).  This  contains  less  than  16  pounds  of  nitric 
nitrogen  i^er  acre  in  the  three  depths;  plats  03  and  04  being  inter- 
mediate. 

If  plat  04  (the  leguminous- weed  plat)  be  left  out  of  account,  we 
see  that  the  plats  manured  with  ammonium  salts  and  with  sodium 
nitrate  (sections  A  and  AA)  are  uniformly  richer  in  nitric  nitrogen 
than  those  of  section  O.  But  much  richer  in  nitrates  are  the  surface 
soils  and  higher  subsoils  of  the  rape-cake  section,  owing  to  abundant 
nitrification  of  accumulated  nitrogenous  organic  matter.  Richer  still 
are  the  dunged  plats.  Plat  7  (1)  contains  nearly  J  5  XDOunds  per  acre 
of  nitric  nitrogen  per  acre  in  the  surface  soil  (nearly  4^  pounds  more 
than  any  of  the  undunged  plats),  and  is  as  rich  as  even  the  rape-cake 
plats  in  the  second  depth,  and  decidedly  richer  than  even  these  in  the 
third  depth.  The  continuously  dunged  iDlat  is  much  richer  in  the 
surface  depth,  and  also  in  the  second  depth,  and  6^  pounds  j)er  acre 
richer  in  the  27  inches.  It  would  scarcely  have  been  expected,  even 
in  the  case  of  the  continuously  dunged  plat,  that  so  much  nitric 
nitrogen  would  be  found  in  Februar}^  and  March. 

On  the  wheat  plat  similarl}^  treated,  only  56  pounds  of  nitric  nitro- 
gen per  acre  Avere  found  in  October  in  the  first  18  inches  of  soil.  Here, 
in  February  and  March,  we  have  33  pounds,  or  half  the  quantity,  not- 
withstanding a  wet  winter.  This  would  seem  to  indicate  that  nitrifi- 
cation must  have  begun  earh\  On  the  other  hand,  the  accumulated 
organic  matter  in  the  dunged  soil  must,  by  its  absori3tive  power,  render 
the  dunged  land  less  susceptible,  pro  rata,  to  loss  by  drainage,  than  the 
undunged  X3lats,  more  of  the  rainfall  being  retained  and  dispersed  by 
surface  evaporation.  On  the  Broadbalk  plats,  which  are,  as  we  knoAV, 
pipe  drained,  the  drainpipes  often  run  freely  on  the  undunged  plats, 
while  those  on  the  dunged  j^lats  are  giving  no  drainage  water. 

CHLORIN. 

In  the  O  series,  without  nitrogenous  manure,  the  chlorin  is  greater 
in  the  superphosphated  plats,  Nos.  2  and  4,  than  in  the  others,  the 
difference  being  especially  marked  in  the  third  depth.  The  same 
thing  is  seen  in  the  A  series  (ammonium  salts).  The  explanation  of 
this  is  not  obvious.  It  can  not  be  found  in  the  introduction  of  chlorids 
to  the  soil,  for  the  difference  between  the  two  sets  of  plats  in  chlorin 
contents  is  not  great,  although  the  O  x)lats  receive  no  direct  addition 
of  chlorids,  except  as  slight  imx3urities  in  the  mineral  fertilizers, 
beyond  those  derived  from  rain;  while  the  plats  of  the  A  series 
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usually  receive  annually  about  56  pounds  of  chlorin  per  acre  in  their 
dressing  of  ammonium  salts.  It  may  be  that  the  effect  of  the  calcium 
in  the  superphosphate  is  to  produce  some  physical  difference  in  the 
soil  which  makes  it  more  retentive  of  chlorids. 

The  quantity  of  chlorin  present  in  the  three  aggregate  depths, 
except  on  plat  04  and  plat  A2,  does  not  differ  much  from  that  found 
in  the  most  nearly  corresponding  plats  in  the  Broadbalk  wheat  field. 

PHOSPHORIC  ACID  AND  POTASH. 

A  set  of  samples  of  the  Hoos  field  barley  plats  was  kindly  drawn 
for  me  in  the  autumn  of  1889  by  Sir  Henry  Gilbert,  for  the  purpose 
of  investigations  as  far  as  regards  their  phosphoric  acid  and  potash 
contents,  as  -determined  by  the  citric-acid  process,  on  which  I  was 
then  working.  The  samples  represented  the  surface  soil  only,  and 
were  taken  from  only  one  place  in  each  plat,  as  the  immediate  object 
was  rather  one  of  qualitative  than  of  qtiantitative  investigation. 
The  results  of  the  analyses  have  been  fully  discussed  in  an  earlier 
paper,  referred  to  on  p.  96;  but  it  may  be  convenient,  for  future 
reference,  that  the  figures  should  find  a  place  here. 

PHOSPHORIC  ACID. 

The  phosphoric  acid  results  may  be  conveniently  stated  in  the  fol- 
lowing table  (Table  82),  in  which  the  plats  are  grouped  with  special 
reference  to  their  phosphatic  manuring,  the  corresponding  plats  of 
each  section  being  brought  together.  The  table  shows  the  percentage 
of  total  phosphoric  acid  in  the  fine  dr}^  soil,  and  also  the  percentage 
dissolved  by  a  1  per  cent  solution  of  citric  acid;  and  also  the  yield  of 
barley  (both  grain  and  straw)  in  the  year  following  the  sampling. 


Table  82.— Hoos  field  barley  soils,  samples  collected  in  the  autumn  of  1889 — 
Phosphoric  acid  determinations. 


Series. 

Plat. 

Annnal  manuring  since  1852. 

Phosphoric  acid  in 
fine  dry  soil. 

Yield  per  acre 
in  1890. 

Total. 

Dissolved 
by  1  per 
cent  solu- 
tion of 
citric  acid. 

Barley. 

Straw. 

O 

1 
1 
1 
1 

3 
3 

3 

3 

Per  cent. 
0.099 
.097 
.104 
.106 

Per  cent. 
0.0055 
.0060 
.0067 
.0071 

Bushels. 
13 
24i 
29i 
311 

Cwt. 

121 
14^ 
15 1 

A 

A  A ... . 
AAS 

O 
A 

AA-.-. 
AAS  .. 

Nitrate  of  soda  ODly   

Nitrate  of  soda  and  silicate  of  soda  

Averasre  of  above  four  plats  

Potash,  etc.  (no  phosphates)  

Ammonia  salts,  potash,  etc.   (no  phos- 
phates). 

Nitrate  of  soda,  potash,  etc.   (no  phos- 
phates). 

Nitrate  of  soda,  silicate  of  soda,  potash, 
etc.  Tno  phosphates). 

Average  of  above  four  plats  

.102 

.0063 

24f 

12^ 

.121 
.102 

.104 

.105 

.0100 
.0081 

.0082 

.0112 

9| 
23i 

28 

36i 

4i 
13^ 

15i 

m 

.108 

.0094  ^  '24f 

13^ 
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Series. 

Plat. 

Annual  manuring  since  1852. 

Phosphoric  acid  in 
fine  dry  soil. 

Yield  per  acre 
in  1890. 

Total. 

Dissolved 
by  1  per 

cent  solu- 
tion of 

citric  acid. 

Barley. 

Straw. 

O 
A 

AA.... 
AAS  -. 

O 
A 

AA... 
AAS  -. 

C 

c 
c 
c 

7  

2 
2 
2 
2 

4 

4 
4 

3 
2 
4 

1 

2 

Superphosphate  only  

Ammonia  salts  and  superphosphate  

Nitrate  of  soda  and  superphosphate.  

Nitrate  of  soda,  silicate  of  soda,  and  super- 
phosphate. 

Average  of  above  four  plats  

Superphosphate,  potash,  etc.*  

Ammonia  salts,  superphosphate,  potash, 
etc. 

Nitrate  of  soda,  superphosphate,  potash, 
etc. 

Nitrate  of  soda,  silicate  of  soda,  superphos- 
phate, potash,  etc. 

Average  of  above  four  plats  

Rape  cake,  potash,  etc.  (no  phosphates)  

Rape  cake  and  superphosphate  . .  

Rape  cake,  superphosphate,  potash,  etc  

Farmyard  manure  for  twenty  years,  un- 

manured  for  last  eighteen  years. 
Farmyard  manure  for  thirty-eight  years  .. 

Percent. 
.182 
.173 
.165 
180 

Per  cent. 
.0463 
.0425 
.0350 
.  0475 

Bushels. 
161 
33* 
47i 
46^ 

Ctvt. 

16i 
22i 
22| 

.175 

.0428 

36 

m 

.189 
.182 

.179 

.169 

.0538 
.0500 

.0475 

.0479 

171 
461 

43t 

m 

7 

23| 
23J 
22J 

.180 

.0498 

38i 

19i 

.158 
.152 
.229 
.203 

.0187 
.0214 
.0636 
.0563 

36 
3U 
37i 
33i 

18i 
16i 

m 
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.134 
.176 

.0206 
.0447 

22| 
53 

Hi 
29i 

POTASH. 

In  the  next  table  are  shown  the  percentages  of  potash  dissolved 
from  the  various  soils  by  strong  hydrochloric  acid  and  also  b}'  a  1  per 
cent  solution  of  citric  acid,  the  plats  in  this  case  being  grouped  with 
special  reference  to  their  potash  manuring. 

Table  83. — Hoos  field  harleij  soils,  samples  collected  in  the  autmn  of  ^555— Potash 

determinations. 


Series. 

Plat. 

Annual  manuring  since  1852. 

Potash  in  fine  dry 
soil. 

Yield  per  acre 
in  1890. 

Dis- 
solvedby 
strong 
hydro- 
chloric 
acid. 

Dissolved 
by  1  per 
cent  solu- 
tion of 
citric  acid. 

Barley. 

Straw. 

O 

1 
1 
1 
1 

2 
2 
2 
2 

No  manure  

Per  cent. 
0.183 
.267 
.136 
.193 

Per  cent. 
0. 0036 
.0020 
.0050 
.0042 

Bushels. 
13 
24i 
29^ 
31f 

Cwt. 
6i 
12f 
14^ 
15f 

A 

AA--.- 
AAS 

O 
A 

AA.... 
AAS  .. 

Nitrate  of  soda  and  silicate  of  soda  

Average  of  above  four  plats  

Ammonia  salts  and  superphosphate.  

Nitrate  of  soda  and  superphosphate  

Nitrate  of  soda,  silicate  of  soda,  and  super- 
phosphate. 

Average  of  above  four  plats  

.195 

.0037 

24f 

m 

.204 
.248 
.142 
.188 

.0065 
.0023 
.0038 
.0035 

16f 
33i 

m 

46i 

16i 
22J 
221 

.196 

.0040 

36 

17i 
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Table  83. — Hoos  field  barley  soils,  efc— Continued. 


Series, 

Plat. 

Annual  manuring  since  1853. 

Potash  in  fine  dry 
soil. 

Yield  per  acre 
in  1890. 

Dis- 
solved by 
strong 
hydro- 
chloric 
acid. 

Dissolved 
by  1  per 
cent  solu- 
tion of 
citric  acid. 

Barley. 

Straw. 

O 
A 

AA.-.. 
AAS  -- 

O 
A 

AA-.-. 
AAS  .. 

c 
c 
c 
c 

7  

7  

3 

3 
3 
3 

4 

•  4 
4 
4 

1 
2 
3 
4 

1 

2 

Potash, etc.  (no phosphates)  

Ammonia  salts,  potash,  etc.  (no  phosphates) 
Nitrate  of  soda,  potash,  etc.  (no  phosphates) 
Nitrate  of  soda,  silicate  of  soda,  potash,  etc. 
(no  phosphates). 

Average  of  above  four  plats  

• 

Superphosphate,  potash,  etc   

Ammonia  salts,  superphosphate,  potash, 
etc. 

Nitrate  of  soda,  superphosphate,  potash, 
etc. 

Nitrate  of  soda,  silicate  of  soda,  superphos- 
phate, potash,  etc. 

Averages  of  above  four  Dlats  

Rape  cake  only 

Rape  cake  and  superphosphate  

Rap*^  cake,  potash,  etc.  (no  phosphate)  

Rape  cake,  superphosphate,  potash,  etc  .... 

Farmyard  manure  for  20  years,  unma- 

nured  for  last  18  years. 
Farmyard  manure  for  38  years  

Per  cent. 
.318 
.257 
.239 
.230 

Per  cent. 
.0366 
.0407 

.oa50 

.0454 

Bushpls. 

23i 

28 

36i 

Ctvt. 

m 

15i 
19* 

.261 

.0394 

24f 

m 

.300 
.326 

.210 

.250 

.0340 
.0298 

.0305 

.0270 

171 
46f 

43f 

461 

7 

33} 

m 

22i 

.272 

.0303 

381 

m 

.170 
.194 
.219 
.238 

.0079 
.0079 
.0351 
.0304 

36 
37i 
3U 
331 

m 

17* 

15i 

.159 
.167 

.0135 
.0321 

22f 
53 

m 

29i 
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HOOS  FIELD  LEGUMINOUS  AND  WHEAT-FALLOW  SOILS. 

INVESTIGATIONS  SHOWING   THE   EFFECT  OF   VARIOUS  LEGU- 
MINOUS CROPS  ON  THE  NITROGEN  CONTENTS  OF  THE  SOIL, 

When  referring  to  the  Hoos  field  barley  soils  I  drew  your  attention 
to  a  striking  effect  produced  on  the  soil  of  a  certain  plat  on  which 
barle}'  had  been  continuously  grown  for  a  very  long  period  with  full 
mineral  fertilizers  but  without  nitrogen.  The  nitrogen  in  the  soil  of 
this  plat  was  found  to  be  very  appreciably  greater  than  in  the  case  of 
plats  liberally  treated  witli  nitrogenous  fertilizers,  and  the  difference 
was  shown  to  be  due  to  tlie  comparative  encouragement  given  by  the 
mineral  fertilizers,  in  the  absence  of  nitrogen  sui3pl3',  to  a  certain 
leguminous  weed  {Jledicago  lupuJino.)  which  is  noticed  to  be  extraor- 
dinarily X3revalent  among  the  barley  on  this  plat. 

In  the  same  field  there  has  been  carried  out  over  many  years  a  most 
interesting  set  of  experiments  on  leguminous  crops,  and  also  a  contin- 
uous experiment  on  the  growth  of  wlieat  on  unmanured  land,  both 
year  after  year  and  in  alternate  years  with  intervening  fallows.  The 
examination  of  the  soils  from  the  various  leguminous  plats  and  from 
the  wheat  land  has  yielded  results  of  great  comparative  interest. 

The  leguminous  experiments  wei^e  brought  before  you  by  Sir  Henry 
Gilbert  in  1808,  and  I  should  be  apologetic  for  again  discussing  them 
but  for  the  fact  that  the  object  of  my  own  lectures  would  be  consi3ic- 
uously  unfulfilled  if  they  did  not  include  the  interesting  analyses 
made  from  time  to  time  of  these  x^articular  soils  from  Hoos  field;  and 
I  would  add  that  the  leguminous  experiments  have  been,  since  Sir 
Henry  Gilbert  addressed  you,  followed  by  tho  growth  of  wheat  on  the 
same  plats,  with  results  to  which  we  shall  have  to  allude  later.  Abbre- 
viating Sir  Henry's  account  of  the  leguminous  experiments,  it  may  be 
stated  that  their  object  was  to  ascertain  whether  certain  leguminous 
crops  of  different  habits  of  growth,  especially  as  to  root  range,  could 
be  successfully  grown  for  a  longer  time  and  with  a  larger  annual  pro- 
duce than  others,  all  being  similarh^  treated  as  regards  fertilizers; 
and  also  to  ascertain  whether  the  success  or  failure  of  individual  spe- 
cies would  afford  new  evidence  as  to  the  source  of  the  nitrogen  of  the 
Leguniinos^e  generally,  and  as  to  the  causes  of  what  is  familiarlj^ 
known  as  '^clover  sickness."  The  exx^eriments  were  started  in  1878, 
on  land  on  which  red  clover  had  been  grown,  though  with  precarious 
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success,  for  nearly  thirtj^  years.  Of  the  plants  originally  chosen  to 
succeed  the  clover  several  failed,  and  were  discontinued,  but  others 
were  successfully  continued,  notably  Trifolium  repens  (white  clover), 
Vicia  sativa  (vetches),  Melilotus  leiiccmtha  (Bokhara  clover),  and 
Medicago  sativa  (lucern).  These  crops  were  grown  from  1878  down 
to  1898  in  various  series  of  plats,  one  series  getting  various  mineral 
fertilizers  only,  while  a  second,  third,  and  fourth  series  received 
respectively  (in  addition  to  various  minerals  as  in  the  case  of  the  first 
series)  sodium  nitrate,  ammonium  salts,  and  rape  cake.  In  1898  all 
but  the  plats  of  series  1  were  plowed  up,  and  wheat  grown  on  them 
during  1899  and  1900.  Series  1,  however,  is  continued  under  legu- 
minous cultivation. 

This  will  probably  be  sufficient  preface  to  the  analytical  soil  results, 
to  which  attention  is  now  to  be  drawn. 

The  samples  analyzed  were  collected  in  1881,  1882,  and  1883  from 
the  wheat-fallow  land  and  from  various  leguminous  i)lats  of  the  series 
receiving  annually  only  mineral  fertilizers  without  any  manurial  sup- 
ply of  nitrogen.^  It  will  be  seen  that  in  many  cases  samjjles  have 
been  taken  down  to  twelve  successive  depths  of  9  inches,  i.  e.,  to  a 
depth  in  all  of  9  feet.  In  these  various  samples  both  the  organic 
nitrogen  and  the  nitric  nitrogen  were  determined.  The  full  details  of 
these  analyses  are  given  in  the  following  table,  the  quantities  being 
stated  as  percentages  (parts  per  million  in  the  case  of  the  nitric  nitro- 
gen) and  as  pounds  per  acre. 

We  will  first  look  at  the  organic-nitrogen  results. 


Table  84. — Hoos  field  fallow  ivlieat  and  leguminous  land — Samples  collected  in 
1881,  1882,  1883,  and  1885— Organic  nitrogen  results, 

ADOPTED  WEIGHTS  OF  FINE  DRY  SOIL  PER  ACRE. 


Depth. 

Samples  col- 
lected 
March,  1881. 

Samples  col- 
lected July 
26-31, 1882. 

Samples  col- 
lected July 
17-26, 1883. 

Samples  col- 
lected July 
29- Aug.  14, 
1885. 

First  9  inches  

Pounds. 
2,650,000 
2, 700, 000 
2, 900, 000 

Pounds. 
2, 650, 000 
2. 700, 000 
2, 900, 000 
3, 000, 000 
3,000,000 
3,000,000 

Pounds. 
2,650,000 
2, 700, 000 
2, 900. 000 
3,000;000 
3,000,000 
3,000,000 
3,000,000 
3,000,000 
2,900,000 
2, 750, 000 
2, 750, 000 
2, 750, 000 

Pounds. 
2, 650, 000 
2, 700, 000 
2,900,000 
3,000,000 
3,000,000 
3,000,000 
3. 000, 000 
3, 000, 000 
2,900,000 
2,750,00i) 
2, 750, 00 ' 
2. 750,  (,00 

Second  9  inches  

Fourth  9  inches  

Fifth  9  inches....  

Sixth  9  inches  

First  9  inches  

2,  m.  000 

2, 700, 000 
29,050,000 

2, 650.  IK)  > 
2,700.00:) 
29,050.00(1 

Third  to  twelfth  9  inches  ,  

Total  

34,400,000 

34,400,000 

^  For  full  manurial  details  for  the  various  plats,  see  the  Rothamsted  Memoranda. 
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NITROGEN  IN  FINE  DRY  SOIL. 


Depth. 

Samples 
collected 
March,1881. 

Samples  col- 
lected July  26-31, 
1882. 

Samples  collected  July 
17-26, 1883. 

Samples  collected  July 
29- Aug.  14, 1885. 

o 

Leguminous 
land  (series 
l,plats2to6). 

Trifolium  re- 
pens  (series 
1,  plat  6). 

Melilotus 
leucantha. 

o 

Trifolium  re- 
pens  (series 
1,  plat  4). 

Vicia 
sativa. 

o 

Trifolium  re- 
pens  (series 
l,plat  5). 

Melilotus  leu- 
cantha (se- 
ries l,plat  5). 

P.ct. 
0. 1219 
.  u  <  lU 
.0624 
.0505 
.0373 
.0556 
.0300 
.0317 
.0213 
.0200 
.0132 
.0068 

cc  ^ 

03  rv 
CO  ^ 

CO  :c 

cn  ^ 

First  9  inches  

Second  9  inches  

Third  9  inches  — 

Fourth  9  inches  

Fifth  9  inches  

Sixth  9 inches.  

Seventh  9  inches  -  - 

P.  ct. 

0. 0969 
.  0606 
!0552 



P.  ct. 

0. 1058 
.1633 
.0579 

P.  ct. 

0. 1110 
.  0652 
.0139 
.0379 
.0373 
.0105 

p.  ct. 

0  1(X>8 
!0625 
.  0578 
.0195 
.  0515 
.0561 

p.ct. 

0  1149 
!0652 
.0455 
.0466 
.0435 
.0372 

p.  ct. 

0. 1035 
0629 
!  0533 
.0158 
.0172 
.0503 
.1197 
.0121 
.0154 
.0428 
.0491 
.0512 

P.ct. 

0. 1128 
.0738 
.0674 
.  0633 
.0523 
.0610 
.0182 
.0657 
.0698 
.0703 
.  0671 
.0160 

P.  ct. 

0  1211 
!0792 
.0637 
.0582 
.0513 
.  0190 
.0501 
.0140 
.0384 
.0431 
.0422 
.0453 

P.ct. 

0. 1110 
!0616 
.0118 
.0337 
.0286 
.0325 
.0301 
.0350 
.0314 
.0320 
.0187 
.0117 

P.ct. 

0. 1021 
0605 
."0186 
.0175 
.0165 
.0102 
.0116 
.0136 
.0120 
.0100 
.0138 
.0161 

P.  ct. 

0. 1269 
.0816 
.0705 
.  0557 
.0406 
.0396 
.0347 
.0349 
.0336 
.0298 
.0474 
.0363 

P.ct. 

0. 1151 
.0690 
.0622 
.0300 
.0300 
.0510 
.  0587 
.0319 
.0216 
.0189 
.0196 
.0205 

Ninth  9  inches  

Tenth  9  inches  

Eleventh  9  inches.  . 
Twelfth  9  inches  . . 

First  9  inches  

.1021 
.0605 

..1269 
.0816 

.1151 
.0690 

.1219 
.0710 

Second  9  inches  — 

Mixture  third  to 
twelfth  9  inches 

.0149 

.0139 

.0386 

.0350 

NITROGEN  PER  ACRE. 

First  9  inches  

Second  9  inches  — 
Third  9  inches  

Total  first 
to  third  9 
inches  

Fourth  9  inches  — 

Fifth  9  inches  

Sixth  9  inches  

Total  first 
to  sixth  9 
inches  

Seventh  9  inches  . . 

Lbs. 
2,568 
1,686 
1,601 

Lbs. 
2, 801 
1,709 
1,679 

Lbs. 
3,021 
1.760 
1,273 

Lbs. 
2,830 
1,688 
1,676 

Lbs. 
3,045 
1,760 
1,320 

Lbs. 
2,713 
1,698 
1,546 

Lbs. 
2,989 
1,993 
1,955 

Lbs. 
3,289 
2, 138 
1,847 

Lbs. 
3,021 
1.663 
1,299 

Lbs. 
2, 706 
1,634 
1,109 

Lbs. 
3,363 
2,203 
2,045 

Lbs. 
3,050 
1,863 
1,804 

Lbs. 
3, 230 
1,917 
1,810 

5,805 

6, 192 

6,051 

6,191 

6, 125 

5. 987 

6,937 

7,274 

5,983 

5,749 

7,611 

6, 717 

6,957 

1,137 
1,119 
1,215 

1,185  1,338 
1,635  1  305 
1,683  1.116 

1.374 
1.416 
1.509 

1,899 
1,569 
1,830 

1,746 
1,629 
1,470 

1.011 

858 
975 

1.425 
1.395 
1,206 

1,671 
1,218 
1,188 

900 
900 
1,530 

1,515 
1,119 
1,668 

9,525 

10,997  9,881 

10, 286 

12,235 

12, 119 

8,827 

9,775 

11,688 

10, 017 

11,259 

 1  

1,491 
1,272 
1,317 
1.177 
1,350 
1,491 

1,446 
1,971 
2,021 
1.933 
1,815 
1,265 

1,512 
1,320 
1.111 
1.185 
1,161 
1,246 

912 
1,050 
998 
880 
1,339 
1,229 

1,218 
1,308 
1.218 
1,100 
1,205 
1,268 

1,011 
1,017 
'974 

820 
1,303 

913 

1,761 
1,047 
626 
520 
539 
564 

900 
1,011 
618 
550 
363 
187 

Eighth  9  inches 

Ninth  9  inches  

Eleventh  9  inches. 

Twelfth  9  inches 

Total  seventh 
to  twelfth 

8,098 

10,184 

7,538 

6,408 

7,347 

6,128 

5,057 

3,659 

Total  first 
to  twelfth 
9  inches  .. .  . 

18,384 

22, 719 

19,657 

15,235 

17,122 

17,816 

15, 104 

14,918 

First  9  inches  

2, 706 
1,631 

13. 043 

3,363 
2,203 

12. 758 

3,050 
1,863 

11,213 

3,230 
1,917 

10, 168 

Mixture  third  to 
twelfth  9  inches  . 

Total.  

17, 383118,319 

16, 126 

15,315 

It  will  be  remembered  that  all  the  soils  here  are  in  the  same  field, 
and  probably  therefore  originally  more  or  less  alike. 
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We  see  that  in  the  first  9  iiielies  tlie  legiiniiiioiis  soils  are  uniformly 
very  markedly  richer  in  nitrogen  than  the  wheat-fallow  soils.  The 
same  thing  is  in  nearly  every  case  shown  in  the  second  9  inches,  and 
for  the  most  part  also  in  the  third  9  inches. 

If  we  look  at  the  line  in  the  lower  part  of  the  table  showing  the 
nitrogen  per  acre  for  the  aggregate  first  three  depths  (1  to  27  inches), 
the  nitrogen  accumulation  in  the  leguminous  land,  as  compared  with 
the  wheat  land,  assumes  large  and  very  striking  dimensions,  except 
on  one  plat  {Vicia  safira,  plat  6,  1883),  where  there  appears  to  be 
throughout  some  irregularity  of  subsoil.  Even  here,  however,  the 
accumulation  is  well  seen  in  the  surface  soil. 

In  some  plats  the  influence  of  the  A^egetation  appears  to  be  recog- 
nizable lower  still,  but  the  natural  irregularities  of  the  lower  subsoil 
render  it  impossible  here  to  draw  certain  conclusions.  But  the  gen- 
eral evidence  of  accumulation  in  the  ui^per  layers  is  most  clear  and 
convincing,  and  accords  admirably  with  modern  knowledge  of  the  life 
history  and  functions  of  leguminous  crops — knowledge  which  was  but 
dimly  toreseen,  although  its  advancing  shadow  was  felt  when  these 
experiments  were  started.  It  was  not  until  1886  that  Hellriegel 
announced  the  results  which  gave  definite  shape  and  direction  to  the 
long- vexed  problem  relating  to  the  sources  of  the  nitrogenous  food  of 
this  highly  interesting  natural  order  of  plants. 

In  the  first  27  inches  of  soil  we  find  that  the  ten  sets  of  samples 
representing  the  leguminous  plats  average  6,601  pounds  of  total  nitro- 
gen per  acre,  while  the  three  sets  of  wheat  soils  average  but  5,847 
pounds,  showing  an  average  gain  of  757  pounds  of  nitrogen  per  acre 
under  the  influence  of  leguminous  vegetation.  Sir  Henry  Gilbert,  in 
his  lectures,  further  pointed  out  that  the  annual  output  of  nitrogen  in 
the  crops  had  been  far  greater  on  the  leguminous  land.  During  the 
twenty-seven  years  before  the  miscellaneous  leguminous  crops  were 
first  planted,  and  when  the  leguminous  land  was  under  red  clover,  it 
yielded  in  its  clover  crops  a  yearh^  average  of  32  pounds  of  nitrogen 
per  acre,  as  against  15  pounds  per  acre  yielded  in  the  crops  of  the 
wheat  and  fallow^  land,  while  during  the  following  fourteen  years  of 
various  leguminous  herbage  the  average  yearly  output  of  nitrogen  in 
crops  was  11  pounds  per  acre  fur  the  red-clover  plat,  24  pounds  for 
the  white  clover,  75  pounds  for  the  vetches,  58  pounds  for  the  Bokhara 
clover,  and  no  less  than  137  pounds  for  the  lucern.  During  the  same 
time  the  wheat  and  fallow  land  yielded  only  12  pounds  of  nitrogen  per 
acre  per  annum  in  its  crops.  No  nitrogen  was  manurially  apx^lied  on 
any  of  these  plats. 

We  have,  therefore,  not  only  soil  accumulation  in  the  root  residues, 
but  also  a  great  output  of  organic  nitrogen  in  the  crops  (varying  with 
the  species  and  habits  of  the  individual  Leguminos?e  grown),  a  large 
part  of  which  nitrogen  must  undoubtedl}^  have  been  due  to  the  fixa- 
tion of  atmospheric  nitrogen. 
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Table  85  shows  the  corresponding  figures  for  the  nitrogen  existing 
as  nitric  acid,  or  rather  as  nitrates;  and  here  subsoil  irregularities 
do  not  interfere  with  our  grasp  of  the  facts,  for  the  nitrates,  being 
soluble  and  migrator}-,  are  in  a  diffused  form,  and  (unlike  the  organic 
nitrogen)  are  not  much  affected  by  the  variations  in  the  mineral  com- 
position (proportions  of  clay,  stones,  and  chalk)  of  the  subsoil. 


Table  85. — Hoos  field  fallow  ivheat  and  leguminous  land — Samples  collected  in 
1S81,  1882,  1883,  and  i^^J— Nitrogen  existing  as  nitrates. 

ADOPTED  WEIGHTS  OF  FINE  DRY  SOIL  PER  ACRE. 


Depth. 

Samples  col- 
lected 
March,  1881. 

Samples  col 
lected  Julv 
26-31.1882.^ 

Samples  col- 
lected July 
17-26. 1883. 

Samples  col- 
lected July 
29- Aug.  11, 
1885. 

First  9  inches   - 

Pounds. 
2.650,000 
2.  TOO.  000 

Pounds. 
2, 650, 000 

2.  r(X).  000 

2,900.000 
3.000.000 
3,000.000 
3,000,000 

Pounds. 
2.  &50. 000 
2. 700. 000 
2, 900, 000 
3,000.000 
3, 000. 000 
3:000,000 
3,000.0(J0 
3,000.000 
2,900,000 
2. 750. 000 
2.750,000 
2, 750, 000 

Pounds. 
2, 650. 000 
2. 700, 000 
2,900,000 
3.000.000 
3,00i).000 
3,000.000 
3,000,000 
3,000,000 
2,900,000 
2, 750, 000 
2, 750: 000 
2,750,000 

Second  9  inches                        -  -  

Third  9  incties  -  -  

Fourth  9  inches   

Fifth  9  inches  ..-  .-. 

Sixth  9  inches.-    

Seventh  9  inches   

Eighth  9  inches  

Tenth  9 inches  

Eleventh  9  inches  

Twelfth  9  inches  

First  9  inches  

2, 650, 000 
2, 700. 000 
29, 050, 000 

•2, 650, 000 
2, 700;  one 
29, 050, 01  "O 

Second  9  inches   

Total  

31,400,000 

34,100,000 

NITROGEN  AS  NITRATES,  PARTS  PER  MILLION  OF  FINE  DRY  SOIL. 


Depth. 

Samples 
collected 
March,1881. 

Samples  col- 
lected July  26-31. 
1882. 

Samples  collected  July 
17-26, 1883. 

^Samples  collected  July 
29- Aug.  14, 1885. 

Wheat-fallow 
land. 

Leguminous 
land  (series 
1,  plats  2-6).  1 

Trifolium  re- 
pens  (series 
1,  plat  6). 

Melilotus 
leucantha. 

Wheat-fallow 
land. 

Trifolium  re- 
pens  (series 
1,  plat  4). 

Yicia 
sativa. 

Wheat-fallow 
land. 

^  *r'     :  a;  ^  ^ 
't  P,-  ,  ®  w  ;h 

Medicago  ."sa- 
tiva (series 
1    1,  plat  5). 

Series  1, 
plat  5. 

Series  1, 
plat  6. 

Series  1, 
plat  4. 

Series  1, 
plat  6. 

First  9  inches  

P.  ct. 
2.66 
1.24 

1.08 

P.  ct. 
4.51 
3.07 

6.33 

P.ct. 

3.24 
1.10 
.66 
1.03 
1.46 
1.72 

P.ct. 
1.48 
.67 
.31 
.26 
.37 
.70 

P.  ct. 
1.28 
.36 
.21 
.33 
.28 
.  55 

P.  ct. 
7.35 
2.98 
.85 
.90 
.54 
1.19 
1.28 
.76 
.51 
.64 
1.07 
.67 

P.ct. 
11.445 
10. 27 
2.91 
2. 545 
3.025 
2. 925 
2.64 
2.78 
2.85 
3  62 
3.33 
3.445 

1 

P.  ct.  !  P.  ct. 
4.505j  3.785 
1.52  1  1.01 
.47  .37 
9. 555    .  505 
1.525!  .835 
2.125  1.475 
2.385  1..505 
1.985  1.64 
1.56.5  1.66 
1.935  1.875 
2.06  ;  2.325 
1.935  2.35 

P.ct. 
6.46 
1.36 
.95 
.72 
.56 
.49 

P.ct. 
4.26 
.51 
.31 
.62 
2.36 
3.77 

P.  ct. 
L61 
.52 
.73 
.98 
1.74 
2.07 
2.65 
3.36 
3  33 
3.33 
3.21 

P.  ct. 
3.29 
.41 
.27 
.27 
.33 
.31 
.19 
.27 
.24 
.22 
.16 
.15 

Second  9  inches  .  - . 
Third  9  inches  ...  . 
Fourth  9  inches 

Fifth  9  inches  

Sixth  9  inches  

Seventh  9  inches 

.59  4.38 
.61  4.21 
.79!  3.86 
.73i  3.89 
.72!  4.03 

Eighth  9  inches  



Tenth  9  inches  

Eleventh  9  inches  . 
Twelfth  9  inches 

First  9  inches  

.75    3.62:  3.68 

6.46 
1.36 

.71 

4.26 
.51 

3.03 

L61 
.52 

2.52 

3.29 
.41 

.24 

Second  9  inches 

Mixture  third  to 
twelfth  9  inches . 

 j  
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NITROGEN  AS  NITRATES.  PER  ACRE. 


Depth. 

Samples 
collected 
March,1881. 

Samples  col- 
lected July  26-31, 
1882, 

Samples  collected  July 
17-26,  1883. 

Samples  collected  July 
29- Aug.  14, 1885. 

Wheat- fallow 
land. 

Leguminous 
land  (series 
1,  plats  2-6). 

Trifolium  re- 
pens  (series 
1,  plat  6). 

Melilotus 
leucantha. 

Wheat-fallow 
land. 

Vicia 
sativa. 

o 

Lbs. 

17.12 
3. 67 
2.76 

Trifolium  re 
pens  (series 
1,  plat  5). 

Melilotus  leu- 
cantha (se- 
ries l,plat  5). 

CO  © 

O  <D»-1 
«^ 

Lbs. 
8.72 
1.11 
.78 

Series  1, 
plat  5. 

Series  1, 
plat  6. 

ill 

Series  1, 
plat  4. 

Series  1, 
plat  6. 

First  9  inches  

Second  9  inches  . . . 
Third  9  inches  

Total  first 
to  third  9 
inches  

1  o  L  a  i  ni  su 
to  sixth  9 

Seventh  9  inches  . . 

Lbs 
7. 05 
3.35 
3. 13 

Lbs 
11. 95 
8.29 
18.36 

Lbs 
8. 59 
2.97 
1.91 

Lbs 
3.  92 
1.81 
.90 

Lbs 
3.39 
.97 
.61 

Lbs. 

19.48 
8.05 
2. 47 

Lbs. 
30.33 
27. 73 
8.44 

Lbs. 

1L94 
4. 11 
1.37 

Lbs. 

10. 03 
2.72 
1.08 

Lbs. 
11. 29 
1.38 
.90 

Lbs. 
4.27 
L40 
2.12 

13.53 

38.60 

13.  47 

6.63 

4.97 

30.00 

66.50 

17.42 

13.83 

23. 55 

13.57 

7. 79 

10.  61 

3. 09 
•4  38 
5. 16 

.  ( 8 
1  11 
2. 10 

.  99 

84 
1  65 

2.  70 
1  62 
3  57 

7.64 
9.07 
8.77 

1.67 
4.58 
6.37 

1.52 
2. 51 
4.42 

2. 16 
1.68 
1.47 

1. 86 
7.08 
11.31 

2. 94 
5. 22 
6.21 

.81 
.99 
.93 

26. 10 

10. 62 

8. 45 

37. 89 

91.98 

30.04 

22.28 

28. 86 

33. 82 

22. 16 

13.34 

3. 84 
2. 28 
1.4^ 
1.76 
2.94 
1.84 

7.92 
8.34 
8.27 
9.95 

7.16 
5.95 
4.54 

5. 32 

4.52 
4. 92 
4.81 
5.14 

1.77 
1.83 
2.29 
2. 01 
1.98 
2.06 

13. 14 
12.63 
11.19 
10.70 
1L08 
9.96 

7. 95 
10.08 
9.66 
9. 16 
8.83 
10. 12 

T57 
.81 
.^0 
.61 
.44 
•^1 

3.54 

Eighth  9  inches 

Ninth  9  inches  

Tenth  9  inches  

Eleventh  9  inches  . 
Twelfth  9  inches 

9.16    5.66  6.40 
9.511    5.32  6.46 

1 

J-  otai  se  ventn 
to  twelfth 
9  inches 

14.14 

53. 15 

33.95 

32.25 

U.94 

68.70 

55.80 

J.  L>  L  ct  i      111  S  L 

to  twelfth 
9  inches 

52.03 

145. 13 

63.99 

54. 53 

40. 80 

102. 52 

77.96 

16.88 

First  9  inches  

17. 12 
3.67 

20.63 

11.29 
L38 

88.02 

L  27 
1.40 

73.21 

8.72 
1.11 

6. 97 

Second  9  inches 

Mixture  third  to 
twelfth  9  inches . 

Total  

41.42 

100. 69 

78. 88 

16. 80 

Exigencies  of  space  will  not  allow  of  a  thorongli  discussion  of  the 
results  in  all  tlieir  detail,  but  the  principal  deductions  from  them  can 
be  made  clear  by  examination  of  some  selected  plats.  Primarily  the 
most  interesting  are  the  wheat-fallow  plats  and  the  Trifolium  repens 
(white  clover)  plats,  sampled  in  1883  and  1885.  If  we  take  the  total 
twelve  depths  (9  feet)  of  soil  and  subsoil,  Ave  find  that  the  wheat-fallow 
plats  contained  in  the  form  of  nitrates,  in  round  numbers,  52  pounds 
and  41  x^ounds  per  acre,  while  the  white-clover  plats,  the  same  depth, 
about  145  pounds  and  102  pounds.  On  the  average  the  clover  plats 
showed  not  far  short  of  three  times  as  much  nitric  nitrogen  as  the 
wheat-fallow  land. 

Clearly  this  enormous  difference  is  to  be  correlated  with  the  much 
larger  quantity  of  organic  nitrogen  found  in  the  clover  soil,  owing  to 
accumulated  root  residue,  there  being  not  only  more  nitrogen  to 
become  nitrified,  but  the  excess  of  organic  matter  being  more  favor- 
able (as  it  is  within  certain  limits  and  in  presence  of  lime)  to  the 
activity  of  the  nitrifying  process. 


HOOS  FIELD  LEGUMi:N^'orS  AND  WHEAT-FALLOW  SOILS.  161 


It  is,  however,  to  be  noted  that  this  excess  of  nitrates  on  tlie  clover 
plats  does  not  by  any  means  indicate  the  whole  extent  of  this  greater 
nitrification,  for  legnminons  plants,  like  cereals,  absorb  and  ntilize 
nitrates  freely.  But  white  clover,  being  but  a  shallow  rooting  i^lant, 
can  not  directly  utilize  nitrates  which  have  descended  below  the  sur- 
face soil,  and  so  we  find  a  great  acciinmlation  in  the  subsoil.  It  is 
for  this  reason  that  the  white-clover  plats  serve  so  well  to  show  us 
evidence  of  the  activity  of  nitrification  going  on  in  them. 

When  we  examine  the  more  heavily  crot)ping  and  more  deeply  root- 
ing plants — vetches  and  Bokhara  clover — we  find  in  the  sul:)>oils  far 
less  nitrates.  Probably  more  nitrates  liave  actually  been  produced, 
but  a  smaller  quantity  has  l)een  left  unutilized.  For  instance,  in  1SS3, 
the  vetch  plats  show  (in  9  feet)  only  abotit  34  pounds  and  32  pounds 
of  nitritic  nitrogen  per  acre,  as  against  53  potmds  in  the  white-clover 
plat;  and  in  ISSo  the  Bokhara  clover  shows  only  about  56  pounds 
per  acre,  as  against  nearly  09  pounds  on  the  Avhite-clover  plat. 

But  the  most  remarkalfiy  interesting  plat  is  the  lucern  x^lat. 
Lucern,  as  you  are  aware,  is  a  very  deeply  rooting  plant,  sending 
down  stout  roots  for  many  feet  into  the  subsoil.  So  thoroughly  has 
this  crop  utilized  the  nitrates  formed  in  the  surface  soil  that  we 
find  scarcely  a  pound  of  nitrogen  i^er  acre  in  any  depth  below  the 
second,  the  total  quantity  of  nitric  nitrogen  found  to  a  depth  of  9  feet 
being  less  than  17  pounds  per  acre,  as  against  102  pounds  in  the 
neighboring  white-clover  plat. 

It  is  now  interesting  to  inquire  liow  far  the  accumulation  of  nitro- 
gen in  these  soils  under  the  influence  of  the  leguminous  vegetation 
can  be  practically  shown  to  influence  their  i^otential  fertility  for  sub- 
sequent crops.  It  lias  long  been  accepted  that  a  clover  crop  acts  as  a 
manurial  dressing  for  the  following  Avheat  crop,  and  otir  modern 
methods  of  farming  are  being  more  and  more  attuned  to  the  more 
definite  recent  teachings  of  science  on  the  value  of  the  Legtiminos^ 
as  reinforcers  of  soil  nitrogen.  It  has  been  said  that  in  1S9S  three  of 
the  four  series  of  these  leguminous  experimental  plats  were  plowed 
up  and  i3ut  into  wheat.  Crops  of  wheat  were  taken  in  both  1S99  and 
1900.  The  following  table  shows  the  crops  yielded  on  land  that  had 
been  previously  occupied  by  seven  descriptions  of  leguminous  croi^s 
in  both  years,  and  also  the  crops  grown  on  the  unmanured  alternate 
wheat  and  fallow  land  of  the  same  field,  not  only  during  the  same 
seasons  but  in  preceding  years.  The  last-named  results  are  stated  in 
two  ways,  one  giving  the  actual  yield  per  acre  of  the  bearing  half  of 
the  land,  the  other  the  total  yield  X3er  acre  when  the  fallow  half  is 
also  reckoned  in  the  wheat  area.  The  average  yield  of  the  unma- 
nured wheat  plat  in  Broadbalk  field  is  also  given  for  comparison,  and 
a  summary  of  all  the  foregoing  data  is  appended  at  the  foot  of  the 
table. 
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Table  SC^.— Produce  of  icheat  at  Rothamstecl  under  various  conditions  of  soil. 


Dressed  grain. 


Produce  ^^ift 
per  acre.  ^^^^^^^ 


Total   !  Total 
grain  peri  straw 
acre.     per  acre. 


Total 
produce 

(grain 
and 

straw ) 
per  acre. 


Tllieat  after  various  leguminous  j^^cmts.  harvest 
1899. 

Lucern  

Peas..,,  

Bokhara  clover  

Sainfoin  

White  clover  

Red  clover.   

Vetches  


Mean. 


Wheat  after  various  leguminous  plants,  second 
season,  harvest  1900. 

Lucern   

Peas  

Bokhara  clover  

Sainfoin   

White  clover  

Red  clover...  

Vetches  


Mean. 


Wlieat  alternated  ivith fallow  {produce  reckoned 
at  the  yield  per  acre  of  the  half  in  crop  each 
year). 

Average  40  years,  1856-1895  


1896. 
1897. 
■  1898- 
1899- 
1900. 


Mean,  5  vears,  1896-1900. 


Wlieat  cdter noted  luith  fallow  {yield,  per  acre  of 
the  whole  area,  half  in  crop  and  half  fallow). 


Average  10  years.  1856-1895 . 
1896  


1897 


1899. 
1900. 


Mean,5  vears,  1896-1900. 


Wheat  groicn    continuously  vnthout  manure 
{Broadhalk  field) . 

Average  10  years,  1856-1895   


1897. 
1898. 
1899- 
1900. 


Mean,  5  vears,  1896-1900. 


Bushels. 
39i- 

m 
m 

loi 
43^ 
43' 
40 


Pounds. 
63.6 
63.9 
64.1 
64.3 
64.1 
64.3 
64.4 


Pounds. 
2,609 
2,808 
2.916 
3.028 
2,904 
2,925 
2,715 


Pounds. 
5,499 
5,622 
5,592 
5,611 
5;  404 
5,580 
5,051 


42^ 


64.1 


2,843 


26*' 

i4i 

m 

19" 
19i! 
19 
14i 


181 


17f 


16 

20i 
151 
11^ 


12i 


16| 


12 
12 

12i 


12f 


61.7 
61.0 
61.4 
61.4 
61.5 
61.5 
61.9 


61.5 


58.' 


60.7 
59.5 
61.3 
62.2 
60.7 


1,677 
890 
1,033 
1.198 
1,220 
1,205 
902 


1.161 


1,073 


1,020 
460 
1,314 
1,004 
751 


60.  £ 


910 


.58.? 


61.3 
62.2 
60.7 


58.1 


536 


510 
230 


502 
376 


455 


795  ' 


61.4 
60.3 
61.4 
61.7 
60.2 


61.0 


Pounds. 
8,108 
8,430 
8;  SOS 
8,639 


5,480 


2,614 
1,312 
1,549 
1,788 
1,707 
1,787 
1,360 


1.731 


1,595 


1,312 
710 
2.650 
1,616 
1,0.50 


1,467 


656 
355 
1,325 
808 
525 


734 


1,127 


1, 087  1, 309 

592  867 

823  1, 363 

769  1, 056 

769  1, 008 


1 , 121 


SUMMARY. 


Wheat  after  various  leguminous  plants: 

First  season,  harvest  1899  

Second  season,  harvest  1900    

Wheat  alternated  with  fallow,  average  40  vears, 
1856-1895: 

Produce  per  acre  of  the  half  in  crop  each 

year   

Produce  per  acre  of  the  whole  area,  half  in 

crop  and  half  fallow  

Wheat  grown  continuously  without  manure, 
Broadbalk  field,  average  40  years.  1856-1895   


421 

64.1 

2.843 

5,480 

8, 323 

181 

61.5 

1,161 

1,731 

2, 892 

58.7 

1,073 

1,595 

2,668 

58.7 

536 

798 

1,334 

12f 

58.8 

795 

1,127 

1,921 
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The  f  ertilit}'  of  the  recently  broken  up  leguminous  land  is  very 
strongly  brought  out  in  the  1899  crop.  The  yield  in  1900  was  much 
smaller  than  might  have  been  expected  from  land  which  in  1899  was 
in  such  a  high  state  of  fertility;  but  the  winter  of  1899-1900  was 
exceedinglj^  wet,  and  resulted  in  the  washing  awaj'  from  the  surface 
soil  of  a  very  large  proportion  of  the  nitrates  formed  during  the 
autumn.  In  the  Broadbalk  field,  where  the  subsoil  is  tapped  b}^  drain- 
pipes which  enable  the  drainage  water  to  be  systematically  collected 
and  analyzed,  this  heavy  loss  of  nitrates  through  autumn  and  winter 
drainage  was  very  clearly  noted  by  the  examination  of  the  various 
samples  of  drainage  water  collected.  This  loss  no  doubt  accounts  for 
the  comx)arative  poverty  of  the  crop  of  1900  as  comiDared  with  that  of 
1899,  though  even  then  the  richness  of  the  soil  as  compared  with  that 
of  the  unmanured  wheat  plats  is  very  evident. 


Section  YI. 


EARN  FIELD  ROOT-CROP  SOILS. 

The  experiments  on  the  continnous  growth  of  root  crops  in  Barn 
field  have  been  also  fully  laid  before  yon  by  Sir  Henry  Gilbert,^  and 
I  have  only  to  add  the  results  obtained  by  the  chemical  examination 
of  a  series  of  soil  samples  drawn  from  this  field  in  the  year  1870,  after 
fourteen  years'  continuous  growth  of  Swedish  turnips  under  various 
conditions  of  fertilization.  The  system  of  the  experiments,  however, 
should  be  briefly  described. 

The  plats  I  have  to  refer  to  constitute  four  series  or  sets  of  7  plats 
each.  Plat  1  in  each  series  has  received  annually  a  dressing  of  farm- 
yard manure,  plat  2  in  each  series  has  also  received  farmyard  manure 
but  with  superphosphate  in  addition.  Plat  3  in  each  series  has 
received  no  mineral  or  general  manure.  Plats  4,  5,  and  6  in  each 
series  have  received  each  year  superphosphate  with  or  without  dress- 
ings of  potassium  salts  and  other  alkaline  salts  during  part  of  the 
period  (see  table) ;  while  plat  7  of  each  series  has  received  throughout 
superphosphate  with,  during  a  portion  of  the  period,  ammonium  sul- 
phate and  alkaline  salts. 

The  i3lats  in  series  1  receive  only  the  fertilizers  aforesaid ;  but  in 
series  2  all  received  in  addition,  for  five  years,  a  mixture  of  sawdust 
and  nitric  acid,  and  for  the  remaining  nine  years  an  annual  dressing 
of  sodium  nitrate. 

In  vSeries  3  all  the  plats,  in  addition  to  the  general  manures,  received 
ammonium  salts. 

In  series  4  all  in  earlier  years  received  ammonium  salts,  supple- 
mented by  sawdust,  and  in  later  years  a  heavy  dressing  of  both 
ammonium  salts  and  rape  cake.  While  the  plats  of  series  5  having 
in  earlier  years  received  sawdust,  in  later  years  received  a  heavy 
dressing  of  rape  cake,  but  without  ammonium  salts. 

All  the  crops,  both  roots  and  leaves,  were  annually  removed  from 
the  land. 

The  following  table,  abbreviated  from  the  Rothamsted  Memoranda, 
gives  the  average  annual  produce  of  roots  (neglecting  the  leaves  or 
tops)  for  fifteen  years,  including  the  year  after  the  soil  samples  were 
taken  : 


1 U.  S.  Dept.  Agr.,  Office  of  Experiment  Stations  Bui.  No.  22. 
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Table  87. — Swedish  turnij^s  in  Barn  field.  Eothamsted — Average  annual  crop  per 
acre  (hidbs  only)  for  fifteen  seasons,  1856-1870. 


Plat. 

Standard  manures. 

Series  1,  standard  manures  only. 

Standard  manures  and  cross  dressed  with — 

Series  3,  5  years,  1850-1800,  3,000 
pounds  sawdust  and  338 
pounds  nitric  acid;  10  years, 
1801-1870,  550  pounds  sodium 
nitrate. 

Series  3,  5  years,  1850-1800,  300 
pounds  ammonium  salts;  10 
years,  1801-1870,  400  pounds 
ammonium  salts. 

Series  4,  5  years,  1850-1800,  300 
pounds  ammonium  salts  and 
3,000  pounds  sawdust;  10  years, 
1801-1870,  400  pounds  ammo- 
nium salts  and  3,000  pounds 
rape  cake. 

Series  5,  5  years,  185t)-l800,  3,000 
pounds  sawdust;  10  years, 
18()1-1870,  3,000  pounds  rapci 
cake. 

1 

o 

3 

4 

5 
6 

7 

Farmyard  manure  ^  

Farmyard  manure  and  super- 
phosphate  -  — 

No  mineral  manure  

Superphosphate  each  year: 
mixed  alkaline  salts,  1856-60- 
Superphosphate  each  year 
Superphosphate  each  year; 
potassium  sulphate,  j8o6-60  . 

Superphosphate  each  year: 
potassium  sulphate  and  am- 
monium salts,  1856-60  

Mean  of  plats  4, 5,  and  6. . 

Tons. 
6 

6 
0 

Cwt. 
4 

7 

11 

Tons. 
7 

0 

Civt. 

9 

13 
19 

Tons. 
8 

8 
0 

Cict. 

8 

3 
13 

Tons. 

8 

8 
3 

6 
5 

6 

Civt. 
16 

14 

6 

13 
16 

6 

Tons. 
8 

3 

5 
5 

5 

Cwt. 
0 

16 

8 

8 
0 

3 

2 
2 

2 

16 
13 

5 
4 

4 

3 
13 

11 

4 
3 

1 

13 
16 

5 

2 
2 

13 

4 

r 

13 

4 

13 

6 
6 

15 

r 

5 

9 

13 

4 

4 

3 

Samples  of  the  soils  taken  toward  the  close  of  the  period  above 
included,  and  representing  the  first  three  depths  of  9  inches  each,  were 
examined  as  regards  their  contents  of  total  nitrogen,  with  the  follow- 
ing results : 
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Table  88. — Barn  field  root-crop  land,  sainples  collected  in  Aj^ril.  1S70,  after  four- 
teen years  of  ^ Swedish  turnips,  1856-1869  (a) — Nitrogen  in  fine,  dry  soil. 


Plat. 


Standard  manures. 


Standard  manures  and  cross 
dressed  with— 


F^'r^f  S  inches. 


Farmyard  manure  

Farmyard  manure  and  superphosphate . 
No  mineral  manure  , 


Per  ct. 
0.1M9 
.1438 

.  0880 


Per  ceni.  Per  ct.  Per  cent.  '  Per  ct. 

0.1501  0.1512  0.1693  0.1592 

.1398  .1511  .1470  i  .U74 

.0964  .ri920  .1010  ^  .1083 


Superphosphate  each  year:  mixed  alkaliae 
salts.  1S56-1860  

Superphosphate  each  year  

Superphosphate  each  year:  potassium  sul- 
phate. 1856-1860   


.0934 


.0998 


.0900      .  0942 


.1061 
.1056 


.1029 


.  1036 
.  1041 


.  0972 


Superphosphate  each  year:  potassium  sul- 
phate and  ammonium  salts.  1^56-1860  


Second  . 


ches. 


Farmyard  manure  

Farmyard  manure  and  superphosphate... 
No  mineral  manure  .   


.0974 


.0660 
.0727 
.0629 


0924     .  0954  i 


.0701 
.0736 
.  0727 


.0729 
.0796 

.0698 


.1035 


.0715 
.a592 
.  0593 


.  0997 


.0670 
.  0670 


Superphosphate  each  year;  mixed  alkaline 
salts.  18.56-1860  

Superphosphate  each  year  

Superphosphate  each  year:  potassium  sul- 
phate. 1856-1860   


.0782 
.0685  j 

.0622  ^ 


.0707  I 
.0691 


.0643  ' 


.0629 
.0625  j 


.  0728 


.0671  i 
.0691  , 


.0660 


Superphosphate  each  year:  potassium  sul- 
phate and  ammonium  salts.  1856-1860  


Third    inches.  j 

Farmyard  manure  

Farmyard  manure  and  superphosphate  

No  mineral  manure  


.0837 


.  0584 
.  iJo>2 
.  0573 


.0600 


.  0641") 


.(3693 


.  0582 

.  I '592 


.0612 


.0570 
.  0458 
.0480 


.0661 
.0634 


.0637 
.0668 


.  0585 
.  0544 


Superphosphate  each  year:  mixed  alkaline 
salts,  1856-1860..  

Superphosphate  each  year  

Superphosphate  each  year:  potassium  sul- 
phate. 1856-1860   


.0630 
.0694 


.0674 


Superphosphate  each  year:  potassium  sul- 
phate and  ammonium  salts.  1856-1860  


.0836 


.  CI646 


.0456 


.06.52 


.0539  ' 
.0551 


.0567 


.048i 


.  i'i590 


.0526 


.  0538 
.0183 


.0541 
.0630 


SUM3IARY. 


Means  of  plats  4.  5.  and  6: 

First  9  inches   

Third  9  inches  

Mean  

0. 0896 
.0696 
.0666 

0.  09.53 
.0680 
.  0550 

0.0942 
.  0661 
.0.535 

0. 1049 
.0674 
.0552 

0. 1016 
.06U 
.  0.521 

.0753 

.0728 

.  0713 

.0758 

.072T 

a  The  crops  of  1859  and  1860  failed  and  were  plowed  in. 
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It  will  suffice  to  direct  your  attention  specifically  to  the  results  for 
the  first  9  inches  or  surface  soils,  and  the  figures  may  be  simplified 
by  averaging  the  three  plats — 4,  5,  and  6 — the  treatment  of  which  has 
been  somewhat  similar. 

It  is  now  well  recognized  that  root  crops  grown  with  mineral 
manures  alone  perhaps  exhaust  the  available  nitrogen  of  the  surface 
soil  more  than  any  other  crops,  and  if  we  look  at  the  results  for 
plats  4,  5,  and  6  Ave  find  that  in  the  surface  samples  of  the  first  series, 
where  nothing  but  mineral  manure  is  used,  there  is  on  the  aver- 
age (see  summary  at  foot  of  Table  88)  0.0896  per  cent  of  nitrogen. 
Compared  with  those  soils  of  the  wheat  or  barley  land  on  which 
mineral  manures  only  are  used,  this  percentage  of  nitrogen  is 
decidedly  Ioav,  while  at  the  same  time  the  annual  yield  of  nitrogen  in 
the  root  crops  under  the  influence  of  mineral  manure  alone  is 
decidedly  greater  than  that  in  the  cereal  crops. 

When  the  same  three  plats  have  been  annually  supplied  with 
sodium  nitrate,  as  in  series  2,  we  at  once  see  a  very  tangible  increase 
in  the  proportion  of  nitrogen,  there  being  found  (see  summary)  on 
the  average  0.0953  per  cent  of  nitrogen  on  these  plats,  as  against 
0.0896  per  cent  in  series  1. 

In  series  3,  where  a  like  quantity  of  nitrogen  has  been  regularly 
supplied  in  the  form  of  ammonium  salts,  we  get  almost  the  same 
average  result  as  with  the  sodium  nitrate,  namely,  0.0942  per  cent. 

In  series  4  and  series  5,  on  which  rape  cake  has  been  abundantly 
applied,  there  is  throughout  a  further  increase  in  nitrogen,  the 
average  percentages  in  the  three  plats  being  0.1049  in  series  4  and 
0  1016  in  series  5. 

We  know  that  neither  ammonium  salts  nor  nitrates  accumulate  in 
the  soil,  and  no  doubt,  therefore,  the  increased  quantity  of  nitrogen 
in  series  1  and  series  2  is  due  to  accumulated  crop  residues,  corre- 
sponding to  the  increased  growth  shown  in  the  preceding  table. 

On  series  4  and  series  5  there  has  also  been  greater  growth  and 
more  root  residue,  but  the  increased  prox3ortion  of  nitrogen  may  be 
due  not  merely  to  this,  but  also  to  some  extent  to  accumulation  of 
manurial  nitrogen  derived  from  the  rape  cake. 

It  will  be  further  noticed  that  on  the  three  plats — 4,  5,  and  6 — the 
proportion  of  nitrogen  is  greater  in  series  4,  where  the  rape  cake  has 
been  supplemented  b}^  ammonium  salts,  than  in  series  o,  where  the 
rape  cake  has  not  been  so  supplemented ,  and  if  we  refer  to  the  pre- 
vious table,  showing  the  average  crop  results,  it  will  be  seen  that 
plats  4,  5^  and  6  in  series  4  show  throughout  very  considerably  larger 
average  crops  than  in  series  5. 

In  the  case  of  the  plat  Avhicli  has  received  no  mineral  manure  the 
effect  of  the  varied  treatment  in  the  different  series  is  also  shown  in 
the  results  of  the  soil  analyses. 
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Altliongli  There  have  not  l3een  hirge  crop  residues  in  series  2  and 
series  3  to  reenforce  the  natural  nitrogen,  there  have  been,  as  will  be 
seen  on  reference  to  Table  S7,  throughout  but  small  crops,  and  there- 
fore small  demands  upon  the  soil  nitrogen,  whether  natural  or 
manurially  supplied. 

On  the  plats  receiving  farmyard  manure  (plats  1  and  2)  the 
nitrogen  is  throughout,  as  we  should  expect,  far  greater  in  propor- 
tion in  every  series  than  on  the  other  plats,  the  largest  qTiantities  of 
nitrogen  being  found  in  series  4  and  series  5.  in  Avhieli  the  dressings 
of  farmyard  manure  have  been  supplemented  by  dressings  of  rape 
cake. 


SECTIO^^  VII. 


AGDELL  FIELD  EXPERIMENTAL  ROTATION  SOILS. 

It  will  be  appropriate  next  to  consider  the  results  of  the  analyses 
which  have  been  made  of  soils  collected  from  the  Agdell  rotation  field; 
but  first  the  nature  of  the  experiments  must  be  briefly  recalled  to  you. 

The  experiments  began  in  1848.  One-third  of  the  land  has  been 
continuously  unmanured;  one-third,  during  the  time  with  which  we 
are  here  concerned,  was  manured  Avith  sux3erphospliate  once  every  four 
years  (namely,  for  the  turniiD  crop  commencing  each  rotation),  while 
one-third  has  been  (also  once  in  each  rotation,  namely,  for  the  turnix^ 
crop)  treated  with  a  complex  mixture  of  mineral  and  nitrogenous  fer- 
tilizers, including  phosphates,  x^otassium,  sodium,  and  magnesium 
salts,  ammonium  salts,  and  rax^e  cake — hereafter  referred  to  as  ''mixed 
manure."  On  one-half  of  each  of  the  three  differently  manured  x^lats 
the  turnix3  crop,  both  roots  and  leaves,  has  been  annually  carted  or 
removed  from  the  field,  while  on  the  other  half  the  turnix^s  have  been 
either  consumed  on  the  plats  by  sheep  or  spread  and  x^lowed  in.  The 
rotation  followed  has  been  turnix)s,  barley,  clover  (or  beans),  and 
wheat ;  but  on  one-half  of  each  rotation  x^lat  only  has  clover  or  beans 
been  sown,  the  other  half  forming  a  bare  fallow. 

We  have  therefore  reall}',  for  each  system  of  manuring,  four  rota- 
tions, namely,  as  follows: 

Turnix3S  (carted),  barley,  clover,  wheat. 
Turnips  (fed  on  the  land)  barley,  clover,  wheat. 
Turnips  (carted),  barley,  fallow,  wheat. 
Turnips  (fed  on  the  land),  barley,  fallow,  wheat. 

It  is  obviously  a  matter  of  interest  to  consider  how  far,  over  a  num- 
ber of  years,  the  carting  or  consumx^tion  of  the  turnix^s  on  the  one 
hand  or  the  growth  of  leguminous  vegetation  on  the  other,  as  com- 
X^ared  with  fallow,  affected  the  nitrogen  contents  of  the  soil. 

The  samx3les  of  the  soil  were  collected  in  1867,  at  the  end  of  twenty 
years,  or  five  complete  rotations;  again  in  1871,  after  twenty-seven 
years,  or  not  quite  seven  rotations;  and  again  in  1883  and  1881,  after 
thirty-six  years,  or  nine  complete  rotations. 

Two  tables  are  here  given,  showing  the  nitrogen  contents  found  at 
these  various  periods  in  the  surface  soils  of  the  various  x^lats.  One 
table  gives  the  quantities  of  nitrogen  stated  as  percentages  in  the  sur- 
face soil,  the  other  in  x^ounds  x^er  acre  for  the  first  9  inches. 
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It  will  be  seen  that  each  table  gives  the  results  in  two  forms.  On 
the  left-hand  side  of  the  tables  the  analytical  results  are  so  arranged 
as  to  afford  for  each  set  of  rotations  (unmanured,  superphosphate^ 
and  mixed  manure)  an  easy  comparison  between  the  nitrogen  found 
in  the  plats  from  which  the  turnips,  both  roots  and  tops,  have  been 
annually  removed  or  carted,  and  that  found  in  the  plats  on  which  the 
roots  have  been  consumed  by  sheep  or,  in  some  cases,  chopped  up  and 
returned  to  the  land.  The  right-hand  side  of  the  tables  rearranges 
the  same  results  in  such  a  way  as  to  allow  us  easily  to  compare  in 
each  series  of  rotation  those  portions  of  the  plats  on  which  leguminous 
crops  (beans  or  clover)  have  been  grown  in  the  intervals  between 
the  barley  and  wheat,  and  the  corresponding  portions  which  have  been 
allowed  to  remain  fallow  during  this  stage  of  the  rotation. 

Table  89. — Agdell  field  experimental  rotation  land — Soil  samples  collected  in 
1867  {after  ivheat),  1S74  (after  clover),  and  1883-84-  {after  ii'lieat)— Percentages 
of  NITROGEN  in  fine,  dry  soil  of  first  9  inches. 

UNMATURED. 


Plat. 

Samples  collected  in— 

Mean. 

Nov.,  1867    Oct.,  1874 
(after  (after 
wheat).  :  clover). 

Nov.,  1883, 
to  Jan., 

1884  (after 
wheatj. 

Fallow: 

Roots  carted  

17-18 

Per  cent. 
0. 1303 
.1233 

Per  cent. 
0.1297 
.  1165 

Per  cent. 
0. 1230 
.1135 

Per  cent. 
0. 1277 
.1178 

Roots  fed  

.1268 

.1230 

.1183 

.1228 

Beans  or  clover: 

Roots  carted  

Roots  fed   

Mean  - 

23-24 
19-20 

.  1303 
.1297 

.1378 
.1187 

.1308 
.1205 

.1257 

.  1330 
.1230 

.1230 

.1300 

.  1283 

Mean  of  all  

.1284 

.  1257 

.1220 

.1254 

Carted: 

Fallow  - 

Beans  or  clover  

21-22 
23-24 

.1303 
.  1303 

.1297 
.1378 

.1230 
.1308 

.1277 
.ia30 

.1303 

.1338 

.1269 

.1303 

Fed: 

Fallow  

Beans  or  clover  

17-18 
19-20 

.1233 
.1297 

.  1265 

.1165 
.1187 

.1176 

.1135 
.1205 

.1170 

.  1178 
.1230 

.1204 



.1284 

.1257 

.1220 

.  1254 

SUPERPHOSPHATE. 

Fallow: 

Roots  carted.-  

13-14 
9-10 

0. 1224 
.1240 

0. 1147 
.  1126 

0.1161 
.1228 

0. 1177 
1198 

.  1232 

.1137 

.1195 

.1188 

Beans  or  clover: 

Roots  carted  - 

Mean..  -  - 

15-16 
11-12 

.  1327 
.1380 

.1241 
.1321 

.1207 
.1296 

.1258 
.132-^ 

.1354 

.1281 

.1252 

.  1295 

.1293 

.1209 

.  1223 

.1242 
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Table  89. — Agdell  field  experimental  rotation  land,  etc. — Continued. 
S  UPEJRPHOSPHATE-Continued. 


Plat. 

Samples  collected  in— 

Mean. 

Nov.,  1867 
(after 
wheat). 

Oct.,  1874 

(after 
clover). 

Nov.,  1883, 
to  Jan., 

1884  (after 
wheat). 

Carted : 

Beans  or  clover  

Mean 

13-14 
15-16 

Per  cent. 
0. 1224 
.1327 

Per  cent. 
0. 1147 
.1241 

Per  cent. 
0. 1161 
.1207 

Per  cent. 
0. 1177 
.1258> 

.1276 

.1194 

.1184- 

121S^ 

Fed: 

Fallow  

Beans  or  clover  

Mean   

9-10 

.1240 
.1380 

.1126 
.1321 

.1228 
.1296 

.  1198 
.1332 

.1310 

.1224 

.1262 

.1265 

Mean  of  all  

.1293 

.1209  j  .1223 

.1242^ 

MIXED  MANURE. 

Fallow: 

Roots  carted   I  5-6 

Roots  fed  !  1-2 

Mean  i  

0. 1254 
.1232 

0. 1203 
.  1225 

0. 1216 
.1244 

0. 1224 
.1267 

.1293 

.1214 

.1230 

.124& 

Beans  or  clover; 

Roots  carted  -  i  7-8 

Roots  fed  1  3-4: 

Mean   i  

.1266 
.1331 

.1290 
.1372 

.  1255 
.1420 

.  1270 
.1374 

.1298 

.1331 

.1338 



.  1322 

.1296 

.1273 

.1284 

.1284 

Mean  of  all  j  

Carted : 

Fallow  1  5-6 

Beans  or  clover   j  7-8 

Mean  i  

.1254 
.1266 

.1203 
.  1290 

.1216 
.  1255 

.  1224 
.1270 

.1260 

.1247 

.1236 

.1248 

Fed:  i 

Fallow  1  1-2 

Beans  or  clover  I  3-4 

Mean  

.1332 
.1331 

.1225 
.1372 

.1244 
.1420 

.1267 
.1374 

.  1332 

.1299 

.1332 

.1321 

Mean  of  all     i  

.1296 

.1273 

.1284 

.1284: 

SUMMARY. 

0. 1284 
.1293 
.1296 

0. 1257 
.1209 
.1273 

0. 1220 
.12.23 
.1284 

0.1254 
.1242 

,1284 

Superphosphate  

Mixed  manure  

"^z  II      — _ri        ^   ?'  easperSmesdal  '  "  "  —  ^ 

imfime  dry  mU  of  first  9  iwdies^ 


Flats. 

MeaiL 

1874  ((after 

cl<over;). 

imtiaitesr 
wheat]). 

1 ;;];     

31aiiid2g 
17  and  IS 

...  

^andM 

acref 
3,113 

acre. 

2,952 

P -'  ■' 

1,/--^  

: 

- 

•■'  -  : 

3.113 

3,307 

2.«82 

3  1-^' 

d.  1 

htt&]mst  (ill  ckj»ve!r  

MesE  -  — 

BieazEus  i&ar  ckxTer  _  

Ifeaoa-  _  _  -  

Handle 
ISandaO 

2.^ 

 11  and  12 


ISandU 
laandlS 


2.^ 

3. 24^ 

2,i3i 
3.1^ 

2,^ 
2.ra 

2.m 

Sand  10 
11  and  12 
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Table  i^'^'j.—AgdeU  field  expe-rimenfal  rotation  land.  etc. — Continued. 
MIXED  MAXURE. 


Fallovr: 

Roots  carted- 
Roots  fed  .... 


Plars 


5  and  6 
1  and  2 


Mean. 


Beans  or  clover:  i 

Roots  carted  i    T  andS 

Roots  fed  i   oand i 


Mean  

Mean  of  all 


Carted: 

Fallow  

Beans  or  clover  . 

Mean.  


5  and  6 
7  and  ^ 


Fed: 

Fallow  1    land  2 

Beans  or  clover  \   Sand  4 


Mean  

Mean  of  all  . 


Samples  collected  in- 


ber.  l>n: 
vafter 
wheat'. 

October. 
1S74  after 
clover). 

JSTovent- 
ber.  18S3.  to 
January, 
1884  (after 

wheat ) . 

Mean. 



2.940 

Founds  per 
acre. 
2.918 

acre. 
2. 938 
3. 041 

3.  l'>i 

2. 

s.  m 



— == 

3..;49 

3.  29  S 

o.  lU 

8. 1^5 

174 

3.  no 

3.  OM 

3. 0^1 

3. 082 

:i  ( 

3  012 

3,  (>49 

o.  1  '24 

2.  994 

o.  107 

o.m 

2.  94rO 

:>  -^0;:; 

2.  98«3 

3.  4:08 

3,041 
3.298 

■s.  m 

:l  11 : 

3. 197 

3. 170 

3.110 

O.  l'">4: 

3.u>l 

SUMMARY. 


Unmaniired  

Superphosphate . 
Mixed  manure. 


3,082 

3. 010 

2.  927 

3. 008 

1  3.103 

2.  m 

2.93vi 

2. 980 

3. 110 

3. 054 

3.081 

3. 082 

As  far  as  tlie  nnmanured  plats  are  eoneernod.  the  growtli  o(  roots 
was  for  the  greater  part  of  the  time  so  small  that  it  may  be  said  tliat, 
practically  speaking,  there  was  no  croj)  of  roots  either  to  can  or  to 
feed. 

When  we  come  to  the  superphosphate  plats,  liowever.  the  eonsnmp- 
tion  of  the  roots  on  the  land  has  greatly  aft'eeted  the  fertility  of  the 
soil.  There  being  no  supply  of  manurial  nitroLien.  tlie  strain  on  tlie 
nitrogen  contents  of  the  soil  in  this  rotation  has  been  great,  and 
the  exhaustion  of  the  soil  nitrogen  has  necessarily  been  much  greater 
on  the  ''carted''  portions  of  the  plats  than  on  those  on  whieli  the  roots 
liaA^e  been  consumed.  On  the  whole,  it  will  bc'  seen  that  in  the  fallow 
rotation  x^lats  of  the  superphosphate  series  analysis  indicates  a  larger 
proi^ortion  of  nitrogen  in  the  'vt'ed**  plats  than  in  the  "carted"  plats, 
this  being  especially  marked  in  the  samples  taken  in  1883-84,  at  the 
end  of  thirty-six  years,  or  iiine  rotations.  This  superiority  in  nitro- 
gen contents  accords  with  the  greatei'  fertility  of  the  soil,  as  evidenced 
in  its  crops. 

On  the  leguminous  x^ortions  of  tlie  plats  (beans  or  clover  instead 
of  fallow),  Avhere,  as  we  shall  see  presently,  there  is  more  nitrogen  to 
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•conserve,  the  "fed "  plats  show  throughout  a  very  decided  superiority 
in  nitrogen  to  the  "  carted  "  plats.  This  also  accords  with  the  relative 
fertility  of  the  plats  as  evidenced  by  their  crops. 

In  the  case  of  the  very  liberally  manured  series  ("mixed  manure"), 
the  plats  on  which  the  roots  have  been  fed  show  in  every  case  more 
nitrogen  than  those  from  which  the  roots  have  been  carted,  this  being 
more  especially  the  case  again  in  the  plats  on  which  leguminous 
vegetation  takes  part  in  the  rotation. 

The  data,  however,  to  which  I  am  more  especially  desirous  of  direct- 
ing your  attention  are  those  relating  to  the  comparison  (whether  on 
the  "  carted  "  or  on  the  "  fed  "  plats)  of  the  fallow  portions  with  those 
portions  on  which  leguminous  plants  have  taken  a  place  in  the  rota- 
tion. These  are  best  studied  by  the  arrangement  of  figures  to  be 
found  in  the  right-hand  half  of  each  of  the  Tables  89  and  90. 

Taking  first  the  unmanured  land,  it  will  be  seen  that  both  in  1874, 
in  the  seventh  rotation,  and  in  1883-84,  after  the  ninth  rotation,  the 
leguminous  land  was  found  to  be  decidedl}-  richer  in  nitrogen  than 
the  fallow  land.  In  five  out  of  the  six  cases  in  which  the  soils  were 
comparatively  analyzed  there  was  found  on  the  average,  in  the  sur- 
face soils  of  these  unmanured  leguminous  plats,  about  126  pouWs 
more  of  nitrogen  per  acre  than  on  the  plats  on  which  neither  beans 
nor  clover  were  grown. 

On  the  superphosphate  series  there  is  also  throughout  a  great  advan- 
tage in  favor  of  the  leguminous  plats.  On  the  plats  from  which  the 
turnips  are  annually  carted  we  find  that  the  portions  on  which  beans 
■or  clover  have  been  grown  show  on  the  average  194  pounds  more  of 
organic  nitrogen  per  acre  in  the  surface  soil  than  do  the  fallow  por- 
tions, while  if  we  regard  the  plats  which  have  been  kept  in  higher 
-condition  by  the  consumption  of  the  roots  on  the  land,  the  superiorit}^ 
in  the  soils  under  the  leguminous  rotations,  as  compared  with  those 
Tinder  rotations  which  included  a  bare  fallow,  is  represented  by  an 
average  of  no  less  than  322  pounds  of  nitrogen  per  acre. 

So  in  the  mixed  manure  series  the  advantage  on  the  whole  lies  dis- 
tinctly with  the  bean  or  clover  land,  the  average  excess  of  nitrogen 
found  in  it  as  compared  with  the  fallowed  portions  of  the  plats  being 
111  pounds  per  acre  where  the  roots  are  carted,  and  as  much  as  257 
pounds  per  acre  where  the  roots  are  fed. 

Thus  we  have  from  these  plats  further  interesting  analytical  testi- 
mony, if  such  Avere  needed,  to  the  effect  ef  leguminous  crops  in 
increasing  or  maintaining  the  nitrogenous  contents  of  the  soil,  and 
also  analj^tical  .evidence  of  the  effect  on  the  soil  of  the  alternative 
methods  of  carting  or  consuming  the  root  crop. 

So  far  we  have  been  referring  only  to  the  organic  or  total  nitrogen 
found  in  the  soils.  The  soils  of  some  of  the  plats,  however,  have 
been  subjected  to  a  much  more  complete  examination  as  regards  their 
contents  of  nitric  nitrogen,  which  on  four  of  the  plats  has  been  deter- 
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mined  in  twelve  snccessive  depths  of  9  inches  each,  or  to  a  total  depth 
of  9  feet.  In  some  other  cases  the  nitric  nitrogen  was  determined 
either  in  the  surface  soil  or  in  some  of  the  subsoils.  The  determina- 
tions were  made  in  the  samples  taken  in  the  winter  of  1883-84,  after 
wheat,  and  the  results  are  given  in  the  following  table : 


Table  91, — Agdell  field  experimental  rotation  land— Soil  samples  collected  1883- 
84,  after  zr/ieaf— Nitrogen  as  xitrates  {'•'nitric''  nitrogen)  in  fine  dry  soil. 

NITRIC  XITROGEX.  PARTS  PER  MILLION. 


Unmanured. 

Superphosphate. 

ISIixed  manure . 

Depth. 

Fed. 

Carted. 

Fed. 

Carted. 

Fed. 

Carted. 

Fallow;  plats 
17  and  18. 

m 

T. 

y. 

C  1  o  V  ()  r  ()  r 
beans;  plats 
11  and  12. 

r. 

^  .  ,x 
>  ^"^ 

0  1  -3 
— '^t- 

First  9  inches  

Second  9  Inches  

1.85 
.66 

1.32 
1.14 
.42 
.40 
.19 
.21 
.46 
.  57 
1.19 
1.07 
1.85 
1.11 

1.44 
1.50 
.67 
.43 
.50 
.61 
.32 
.60 
.67 
.  77 
.91 
.32 

1.35 
1.34 
..3.5 
.45 
.34 
.24 
.29 
.34 
.26 
.78 
.59 

i.ai 

2.41 
1.  90 
72 
.  58 
.64 
.32 
.84 
.64 
.98 
.80 
.82 
1.01 

Third  9  inches  

Fourth  9  inches  

Fifth  9  inches  

Sixth  9  inches  

Seventh  9  inches  

Ninth  9  inches  

Tenth  9  inches  

Twelfth  9  inches 

0. 93 

0.29 

1.25 

0.  05 

1.59 

0.99 

1.31 

0. 73 

NITRIC  NITROGEN.  POUNDS  PER  ACRE. 

4.71 
1.53 

3.36 

3.66 
3.48 
L51 

.96 
1.18 
1. 55 

.85 
1.57 
L67 
2.00 
2.36 

.90 

3.44 
3. 11 
.79 
1.01 
.81 
.61 

!89 
.65 
2.03 
L53 
3. 75 

6. 13 
4.41 
1.63 

1.30 
1.52 
.81 
2.23 
1.68 
2.44 
2.08 
2. 13 
2.83 

Second  9  inches  

2.64 
.95 
.90 
.45 
..53 
1.22 
1.49 
2.97 
2.78 
4.81 
3. 11 



Fifth  9  inches  

Seventh  9  inches  

Eighch 9  inches  

Ninth  9  inches  

Tenth  9  inches  

Eleventh  9  inches  

Twelfth  9  inches  

2.60 

0.81 

3.50 

1.82 

4.45 

2.  77 

3.67 

2.04 

SUMMARY— NITRIC  NITROGEN,  POUNDS  PER  ACRE. 


First   to   third  9 
inches  

6.95 
1.8S 
5.68 
10. 70 

8.65 
3. 69 
4.09 
5. 26 

7.  .34 
2,43 
2.31 
7.31 

12.17 

3.  62 

6.a5 

7.04 

Fourth  to  sixth  9 

Seventh  to  ninth  9 

Tenth  to  twelfth  9 

First   to   sixth  9 

12.34 
9.35 

9.  77 
9.62 

Seventh  to  twelfth  9 

16.38 

13.39 

First  and  second  9 

6.00 
19.21 

7.14 
14.55 

6.  .55 
12.84 

10.  .54 
1S.65 

Third  to  twelfth  9 
inches  

First  to  twelfth  9 

21.69 

19.  .39 

•^9  19 
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In  rile  siiperpliosphate  series  it  Avill  be  seen  that  the  plats  selected 
for  examination  were  respectively  the  fallow  and  iHg'iiniiiioiis  portions 
of  the  plats  from  which  the  ro<:)ts  are  annually  carted,  while  in  the 
mixed-manure  series  the  plats  ^elected  were  the  twij  corresponding 
portions  of  the  plat  on  which  the  roots  are  fed  on  the  land. 

Whether  we  take  the  first  three  depths  ( 1  to  '27  inches),  the  fonrth 
to  the  sixth  depths  (28  to  o-i  inches),  or  the  first  six  depths  together 
(1  to  odL  inches),  we  find  in  each  pair  of  plats  that  the  legtiminotis  por- 
tions contain  more  nitric  nitrogt-n  than  the  fallow  portion:^.  Thi>  is 
especially  the  case  on  the  more  fertile  plat  of  the  mixed-manttre 
series. 

In  the  sticceeding  six  depths  the  restilts  are  less  regular,  hut  the 
leguminous  portion  of  the  plat  l)el<)nging  to  the  more  fertile  series 
shows  a  greater  quantity  of  nitric  nitrogen  than  due>  the  fallow  por- 
tion. 

The  nitric  nitrogen,  it  will  be  seen,  has  been  determined,  thnitigh- 
out  all  the  plats  mentioned  in  the  table,  in  the  tAvelfth  deptli  of  inches, 
or  at  a  depth  of  nearly  feet  iYom  the  stirface.  At  this  depth  the 
nitric  nitrogen  is  uniformly  greatf-r  on  the  fallow  pnrtifjns  than  unthe 
leguminous  portions  of  the  })lat>.  and  the  consistency  of  these  figures 
throughout  suggests  that  the  <liffe]vnce  is  an  indicatiijn  of  a  greater 
loss  of  nitrates  fr<.)m  tlie  falloAv  } xjrtiijns.  owing  to  the  fact  that  the 
land  has  been  kept  one  year  in  fotir  withotit  A'egetation.  In  otir  dis- 
cussion of  the  restilts  ulnained  hy  examining  the  s(_>ils  of  I-Ioo>  field, 
we  have  seen  how  largely  lemimirKjus  ^-rrips  remove  and  assimilate  the 
nitrates  of  the  soil,  a--  Avell  indirectly,  nv  ar-eumulation  of  nitroge- 
nous root  residue,  auguieuting  their  prMdu(:ti':)n. 

As  the  ]Dractical  agricultural  Ijearinu  ni  tlie^e  famous  rotation  experi- 
ments in  Agdell  field  was  very  fully  Ijrought  before  you  by  Sir  Henry 
Gilbert.-  I  need  not  now  (;lire<;t  further  attention  to  them,  my  present 
object  having  been  merely  to  place  before  you  the  aforesaid  soil  inves- 
tigations, which  have  so  interesting  a  bearing  in  relation  to  the  field 
results. 


-U.  S.  Dept.  Agr..  Office  of  Experiment  Stations  Bui.  22. 
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HUMUS  AND  ITS  NITROGEN  CONTENTS. 

M.  Grandeau,  of  Paris,  some  time  since  suggested  the  use  of  dilute 
alkali  as  a  solvent  for  humus  in  soil  analysis,  and  the  process,  in  an 
extended  form,  has  been  applied  to  the  investigation  of  a  large  num- 
ber of  soils  in  the  United  States  by  Professor  Hilgard  and  Professor 
Jaffa,  both  for  the  extraction  of  humus  and  for  the  determination  of 
soluble  nitrogen.  Papers  on  the  subject  have  been  published  by  both 
authors.  ^ 

The  feature  on  which  Professor  Hilgard  lays  esiDecial  stress  is  not 
the  actual  percentage  of  humus  or  of  nitrogen  in  the  soil,  but  the 
ratio  of  ''soluble"  nitrogen  to  "soluble"  humus.  His  investigation, 
up  to  the  time  of  publishing  the  papers  referred  to,  led  him  to  the  con- 
clusion that  if  the  ''soluble"  nitrogen  was  less  than  2.5  X3arts  per  100 
parts  of  "soluble"  humus,  the  conditions  were  probably  so  unfavor- 
able to  nitrification  that  the  soil  might  be  regarded  as  suffering 
practically  from  "nitrogen  hungriness." 

The  process  used  is  described  by  Professor  Jaffa  on  page  35  of  the 
report  referred  to,  and  is  briefly  as  follows: 

HilgarcVs  method. — The  soil  (5  grams  or  10  grams)  is  extracted  in  a 
funnel,  first  with  dilute  hydrochloric  acid,  then  with  water  to  remove 
the  acid,  and  lastly  with  dilute  caustic  soda  in  the  experiment  for 
determining  soluble  nitrogen  or  with  dilute  ammonia  for  the  deter- 
mination of  soluble  organic  matter.  Professor  Hilgard  uses  a  4  per 
cent  solution  of  caustic  soda  and  a  6  to  7  per  cent  solution  of  ammonia. 
The  soil  is  extracted  as  long  as  the  filtrate  remains  colored. 

The  process  was  subsequently  slightly  modified  at  an  annual  con- 
vention of  the  Association  of  Official  Agricultural  Chemists  of  the 
United  States.^ 

The  process  as  used  earlier  by  Professor  Hilgard,  ^vithout  the  just- 
mentioned  modifications  as  to  the  strength  of  alkali,  has  been  applied 
in  the  Rothamsted  laboratory  hj  Dr.  N.  H.  J.  Miller  to  the  investiga- 
tion of  a  large  number  of  the  Rothamsted  soils,  and  also  of  a  sample 

'  California  Station  Rpt.  1894-95,  pp.  23, 35. 

-  The  process  as  thus  modified  is  described  in  U.  S.  Dept.  Agr. ,  Division  of  Chem- 
istry Bui.  46,  revised,  p.  76. 
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of  Manitoba  soil  very  rich  in  nitrogen.  The  results  are  given  in  the 
following  table : 

Table  92. — Percentages  of  soluble  organic  matter  and  soluble  nitrogen  in  surface 

soils. 


Plat. 


In  partially  dried  soil. 


Date  Soluble  in  dilute  am- 
of  monia. 

sam-   ; —  ^  

P^®-     T»„„  |Organ-|  Min- 


Dry 
matter. 


icmat-  eral 
ter.  matter 


Soluble 
in  di- 
lute 
soda, 
nitro- 
gen. 


Nitre-  j  ^^5^  ^oi^- 

gen 
per 

centin  Golnhlp'^  ,       i  ^ 
soluble  or^an^^  Total 
organ-  jp  mat-  ' 
icmat-   ''tS'       gen.   j  gen. 
ter 


Manitoba  (Selkirk)..   5.9(MJ  5.385 

Rothamsted    garden  , 

soil  (clover)   1857   

1  (S2)   1879  4.705 

1   1879  

2   -.  :  1879   

3    1879  i  


0. 515 


0.209 


3.88 


Rothamsted  park: 

3  


7  (chalk  and  lime). 
Sir  J.  Henry  Gilbert's 

meadow  

Do  

Broadbaik  field 
(wheat) : 


2b. 
2b. 

3  .. 
3-. 
3  .. 


9a  -. 

10a  

11  

12  

13  

14  

19  

Hoos  field  (barley): 


OK 


1896  ! 
1896  ' 
1896  I 

1886  i 
1886  i 


1879 
1888 


1893 

1865 
1893 

1865 
1881 
1893 

1893 
1893 
1893 
1893 
1893 
1893  I 
1893  I 
1893 
1893  I 

1889 

1889  ; 


3.800 


1.507 

1.410 
2. 147 

1.180 
1. 135 
1.007 

1.300 
.970 
.985  ' 

1.080  , 

1.060 
.950  I 
.930  I 
.930  I 

1.253 

1.300  I 
2.340 


1.247 

.940 
1.740 

.870 
.900 
.800 


.905 


.850 
.815 
.887 
.800 
.730 
.770 
.740 
.013 


1889  :  1.320 


.840 


.260 

.470 
.407 

.310 
.235 
.207 

.413 
.120 
.170 
.193 
.260 
.220 
.160 
.190 
.240 

.  155 
.500 

.480 


.081 


6.373 
5.979 
5.801  I 

6.242  ' 
6.642  I 


6. 49 


.111 


6.38 


.049 

.057 
.062 
.  060 
.051 
.052 
.062 
.058 
.060 
.073 


6.13 

6.43 
7.28 
7.33 


8.48 
7.50 


7.21 


0.2302  0.618 


2.710 
2.499  ! 
2.536  ; 

2.201 
2.293 


1.282 


1.793 


.82  1 

.91  i 
.871  ! 
.835 
.913 
.822 
.751 
.793 
.764 
1.040 

1.19 
1.90 


.2423 


.2185 
.2202 
.2075 

.i  .1686 
J  .1785 
.  .1748 

.1727 
.1494 
.1469 

.1374 
.1523 


.114 


.050 

.058 
.064 
.062 
.052 
.053 
.064 
.060 
.062 
.075 


.  5876 
.4374 
.4298 
.4152 
.4102 

.3785 
.3772 
.3847 

.2604 
.2298 
.2359 

.  2057 
.2405 


.1574 

.1882 
.2170 

.  1090 
.1009 

.0966 

.0992 
.1178 
.  1153 
.  1036 
.  1125 
.  1152 
.1125 
.  1227 
.1329 

.  2048 
.2449 

.1282 


The  data  on  which  Professor  Hilgard  lays  especial  stress  are  those 
comprised  under  the  heading nitrogen  per  cent  insoluble  organic 
matter,"  which  for  the  moment  we  may  call  the  ''Hilgard  ratio."  In 
the  rich  Manitoba  soil  this  percentage  is  3.88  only,  or  less  than  in 
any  of  the  Rothamsted  soils.  The  actual  quantity  of  soluble  nitrogen 
is  high,  the  low  ratio  being  caused  by  the  veiy  large  x)roportion  of 
humus  extracted  from  this  soil. 

The  Rothamsted  soils  examined  include  garden  soil,  the  park  land, 
Sir  Henry  Gilbert's  meadow,  and  the  permanent  wheat  and  barley 
fields.  The  ''Hilgard  ratio"  is  (in  round  numbers)  5.5  for  the  rich 
garden  soil,  from  5.8  to  6.3  in  the  iDark  soil,  from  6.2  to  6.6  in  the 
meadow  soil,  and  from  5.75  to  8.48  in  the  wheat  soils.  The  least  fer- 
tile of  the  wheat  soils,  namely,  plat  3,  unmanured  for  fifty  years, 
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gives  a  Hilgarcl ratio"  of  6.13,  and  plat  5  (minerals  Avithout  nitrogen 
for  fifty  3^ears)  gives  6.43,  while  the  richest  and  most  fertile  plat, 
namely,  plat  2b  (dunged  for  fifty  years)  gives  almost  the  same  ratio, 
namely,  6.38. 

It  would  seem,  therefore,  that  although  the  ratio  on  Avhich  Professor 
Hilgard  lays  stress  ma}^  serve  as  an  index  to  initial  nitrogenous  fer- 
tility in  soils  comparatively'  newly  brought  under  cultivation,  it  does 
not  afford  a  means  of  differentiating  between  a  starved  and  a  fertile 
soil  in  the  case  of  long-cultivated  land  such  as  we  have  at  Rothamsted. 

As  regards  the  wheat  soils,  the  quantity  of  soluble  organic  matter 
is  greatest,  as  we  should  expect,  on  the  continuously  dunged  plat, 
2b,  in  which  the  proportion  appears  to  have  increased  from  0.96  per 
cent  to  1.793  per  cent  between  1865  and  1893;  but  it  must  be  remem- 
bered that  the  1865  sample  was  thirty  years  old  when  examined,  and 
may  possibly  have  undergone  some  decomposition  or  alteration. 
Next  to  the  dunged  plat  comes  the  rape-cake  plat,  19,  Avith  1.04  per 
cent  of  soluble  organic  matter.  In  the  other  plats  the  variations  lie 
between  0.751  per  cent  and  0.91  per  cent. 

The  last  column  of  tlie  table  exj)resses  the  soluble  nitrogen  as  pev- 
centage  of  the  total  nitrogen  of  the  soil,  and  it  will  be  seen  that  the 
variations  all  lie  Avithin  the  range  47.11  per  cent  to  58.47  per  cent. 
In  fact,  it  ma}"  be  broadly  said  that  the  soluble  nitrogen  all  through 
follows  pretty  closely  the  total  nitrogen,  and  in  the  case  of  the  arable 
land  is  about  one-half  of  it.  If  we  take  the  x)lats  that  difi'er  most 
Avideh^  in  their  treatment,  Ave  find  51.76  per  cent  of  the  total  nitrogen 
to  be  soluble  in  dilute  soda  in  the  case  of  the  permanently  unmanured 
plat.  No.  3,  and  52.53  per  cent,  or  almost  the  same  i^roportion,  in  the 
case  of  the  continuousl}'  dunged  and  richest  i^lat,  2b.  Of  the  chemic- 
ally manured  plats,  plat  10a,  continuousl}'  dressed  with  ammonium 
salts  AAathout  minerals,  sIioaa^s  50.19  percent,  and  X3lat  13,  dressed  AA'ith 
phosphates  and  potassium  salts  as  Avell  as  ammonium  salts,  giA^es 
53.33  per  cent. 

It  AA^ould  seem,  therefore,  that  as  far  as  the  Broadbalk  wheat  field 
is  concerned  the  determination  of  soluble  nitrogen  in  the  manner 
described  does-  not  giA^e  us  any  more  information  as  to  potential  fer- 
tility than  Avould  be  deriA^ed  merely  from  the  determination  of  the 
total  nitrogen. 

In  the  Rothamsted  garden  soil  (cloA^er  jjlats)  the  prox)ortion  is  also 
nearl}"  50  X3er  cent,  ranging  from  41.24  per  cent  to  53.03  per  cent,  but 
in  the  park  and  meadoAv  land  it  ranges  from  62.27  per  cent  to  66.80 
per  cent,  there  being,  therefore,  a  distinctly  higher  proportion  of 
soda-soluble  nitrogen  than  occurs  in  the  arable  land. 

It  is  Avorth  noting  that  in  the  garden  cloA^er  soil  as  the  percentage 
of  total  nitrogen  diminishes  the  i3ercentage  of  soluble  nitrogen  in  that 
total  also  diminishes. 

In  the  A^er}"  rich  Manitoba  soil  the  proxjortion  of  soluble  nitrogen  is 
only  37  per  cent  of  the  total  nitrogen. 


CONCLUSION. 


This  concludes  the  records  of  the  results  of  the  Rothamsted  soil 
investigations,  which  have  been  intrusted  to  me  for  presentation  to 
you.  That  the  duty  has  been  but  imperfectly  fulfilled  I  am  very 
sensible,  and  I  have  already  pleaded  in  apology  the  great  difficulty  of 
dealing  adequately  with  such  abundant  and  suggestive  material. 
With  that  apology  I  coupled  an  acknowledgment  of  the  infinite  pains 
spent  by  Sir  Henry  Gilbert  in  aiding  and  advising  me  in  the  prepara- 
tion of  these  lectures,  and  now,  in  closing  them,  I  wish  once  more  to 
express  my  sense  of  his  most  valuable  help;  also  I  wish  to  tender  to 
the  man}^  American  friends  and  colleagues  whom  I  have  met  at  this 
gathering  for  the  first  time  my  cordial  thanks  for  the  most  kind 
reception  and  the  very  patient  hearing  accorded  to  me  as  the  repre- 
sentative, for  the  time  being,  of  the  Lawes  Agricultural  Trust  Com- 
mittee, and  also  to  express  the  hope  that  many  of  the  friendships 
begun  during  this  my  first  visit  to  America  may  happily  last  for  many 
years  to  come,  and  may  be  refreshed  from  time  to  time  hereafter  by 
personal  meetings  on  both  sides  of  the  Atlantic. 

POSTSCRIPT. 

In  my  opening  lecture  it  was  my  painful  task  to  refer  to  the  then 
recent  loss  which  scientific  agriculture  had  sustained  by  the  death  of 
Sir  John  Lawes.  I  have  now  the  sorrow — little  more  than  a  year 
afterwards — to  refer  to  the  death  of  his  life-long  colleague,  the  news 
of  which  will  have  been  received  with  heartfelt  grief  by  h^.s  many 
friends  in  the  American  world  of  science.  Sir  Henry  Gilbert,  died  at 
Rothamsted  on  December  23,  1901,  at  the  age  of  nearly  85  years.  His 
association  with  Sir  John  Lawes  dated  from  1843,  and  had  therefore 
lasted  for  nearly  sixt}^  years.  It  is  unnecessary  to  add  more  in  the 
way  of  memoir.  His  own  record  of  his  work  to  a  recent  period,  pre- 
sented to  America  by  himself,  and  the  further  record  embodied  in  the 
foregoing  pages,  will  be  a  sufficient  memorial  of  him  to  those  con- 
versant with  the  nature  of  the  problems  to  which,  in  association  with 
Sir  John  Lawes,  he  devoted  his  life  and  his  boundless  energy.  It  is 
pleasant  to  be  able  to  add  that,  although  his  health  had  gradually 
failed  during  the  year  succeeding  the  loss  of  his  old  friend,  he  con- 
tinued to  the  last  to  take  a  keen  interest  in  his  work,  and  transacted 
business  connected  with  it  to  within  thirty-six  hours  of  the  end.  His 
death  leaves  a  conspicuous  gap  in  the  ranks  of  English  chemists. 
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